University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

July 2020

Using a Systems Thinking Approach and Health Risk Assessment
to Analyze the Food-Energy-Water System Nexus of Seaweed
Farming in Belize
Estenia J. Ortiz Carabantes
University of South Florida

Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the Environmental Engineering Commons

Scholar Commons Citation
Ortiz Carabantes, Estenia J., "Using a Systems Thinking Approach and Health Risk Assessment to
Analyze the Food-Energy-Water System Nexus of Seaweed Farming in Belize" (2020). Graduate Theses
and Dissertations.
https://scholarcommons.usf.edu/etd/8475

This Thesis is brought to you for free and open access by the Graduate School at Scholar Commons. It has been
accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar Commons.
For more information, please contact scholarcommons@usf.edu.

Using a Systems Thinking Approach and Health Risk Assessment to Analyze the Food-EnergyWater System Nexus of Seaweed Farming in Belize

by

Estenia J. Ortiz Carabantes

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Environmental Engineering
Department of Civil and Environmental Engineering
College of Engineering
University of South Florida

Major Professor: Maya Trotz, Ph.D.
James Mihelcic, Ph.D.
Rebecca Zarger, Ph.D.

Date of Approval:
July 16, 2020

Keywords: mariculture, sustainable livelihoods, eucheuma isiforme, Placencia, exposure dose
Copyright © 2020, Estenia J. Ortiz Carabantes

Dedication
I dedicate this thesis to my parents who have taught me what it means to have
determination, grit, and kindness. These are characteristics I rely upon as I navigate through my
career and life.

Acknowledgments
I would like to thank my advisors Dr. Maya Trotz, Dr. Rebecca Zarger, and Dr. James
Mihelcic for their invaluable guidance and wisdom throughout my graduate school journey. I am
also very grateful to Dr. Christine Prouty for enthusiastically providing insights on systems
thinking concepts and general knowledge on Belize. I would also like to sincerely thank the
seaweed farming community in Belize, particularly Mr. Lowell Godfrey and Ms. Sarah Aly, for
being very welcoming, participating in interviews, and providing information relevant to the
completion of this thesis.
I also would like to thank Dr. Atlas in the Geosciences Department for exploring new
analyses with us, and the STRONG Coasts and Trotz research teams for being great support
systems. This material is based on work supported by the National Science Foundation under
Grant Nos. 1735320 and 1243510, Sloan Scholar, Alfred P. Sloan Foundation’s Minority Ph.D.
(MPHD) Program Grant No. G-2017-9717, and U.S. Department of Education Graduate
Assistance in Areas of National Need (GAANN). Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the author and do not necessarily reflect
the views of the funding agencies.

Table of Contents
List of Tables ................................................................................................................................. iii
List of Figures ................................................................................................................................ iv
Abstract .......................................................................................................................................... vi
Chapter 1: Introduction ................................................................................................................... 1
1.1 Introduction ................................................................................................................... 1
1.2 Research Goal, Research Questions and Tasks ............................................................ 4
1.3 Organizational Overview .............................................................................................. 4
Chapter 2: Background and Literature Review .............................................................................. 6
2.1 Mariculture .................................................................................................................... 6
2.2 Seaweed Farming .......................................................................................................... 7
2.3 Seaweed Farming Technology ...................................................................................... 8
2.4 Seaweed Farming and Livelihoods ............................................................................. 10
2.5 Study Site: Placencia, Belize and Previous Research ................................................. 12
2.6 The Placencia Producers Cooperative Society Limited and Seaweed Farming in
Placencia, Belize ......................................................................................................... 16
2.7 Eucheuma .................................................................................................................... 20
2.7.1 Taxonomy and Morphology ........................................................................ 20
2.7.2 Reproduction and Life Cycles ..................................................................... 21
2.7.3 Ecology ........................................................................................................ 22
2.7.4 Biological, Physical and Chemical Characteristics ..................................... 22
2.7.5 Applications: Water Treatment .................................................................... 25
2.7.6 Applications: Energy Generation ................................................................. 26
2.8 Heavy Metal Accumulation ........................................................................................ 27
2.9 Heavy Metal Health Risk Assessment ........................................................................ 32
2.10 Food-Energy-Water Systems-based Approach ......................................................... 36
Chapter 3: Materials and Methods ................................................................................................ 39
3.1 Research Question 1 (RQ1): Task 1a and 1b .............................................................. 39
3.1.1 Participant Observations .............................................................................. 39
3.1.2 Semi-Structured and Informal Interviews .................................................... 40
3.1.3 Data Analysis ............................................................................................... 41
3.1.4 Ethics............................................................................................................ 41
3.1.5 Systems Thinking Approach ........................................................................ 42
3.2 Research Question 2 (RQ2): Task 2a and 2b .............................................................. 43
3.2.1 Samples ........................................................................................................ 43
3.2.2 Analytical Procedure .................................................................................... 44

i

3.2.3 Health Risk Assessment ............................................................................... 45
Chapter 4: Results and Discussion ................................................................................................ 48
4.1 Research Question 1: Task 1a and 1b Results ............................................................ 48
4.1.1 Interviews and Participant Observation ....................................................... 48
4.1.1.1 Food, Energy, and Water .............................................................. 49
4.1.1.2 Production Infrastructure .............................................................. 54
4.1.1.3 Harvesting and Processing Times ................................................. 58
4.1.1.4 Livelihoods: Social, Economic and Ecological Relationships ..... 59
4.1.1.5 Environmental and Marketing Challenges.................................... 61
4.1.2 Systems Thinking Approach ........................................................................ 62
4.1.3 Intersections with Environmental Engineering ............................................ 66
4.2 Research Question 2: Task 2a and 2b Results ............................................................ 68
4.2.1 Heavy Metals Analysis ................................................................................ 68
4.2.2 Health Risk Assessment ............................................................................... 75
4.2.3 Intersections with Environmental Engineering ............................................ 81
Chapter 5: Conclusions and Recommendations ........................................................................... 82
5.1 Summary of Findings .................................................................................................. 82
5.2 Limitations .................................................................................................................. 84
5.3 Future Research .......................................................................................................... 84
References ..................................................................................................................................... 86
Appendix A: IRB Approval Letters for Study .............................................................................. 99
Appendix B: Interview Questions ............................................................................................... 101
Appendix C: Raw Data ............................................................................................................... 104
Appendix D: Figures and Graphs ............................................................................................... 107
Appendix E: Copyright Permissions ........................................................................................... 109

ii

List of Tables
Table 2. 1 A review of heavy metal uptake by Eucheuma. .......................................................... 30
Table 2. 2 Health risk assessments on heavy metals for some edible seaweed. ........................... 33
Table 3. 1 Interviewees and their associated sector in the seaweed farming industry
during the interview period 6/1/2019 to 6/1/2020. ..................................................... 41
Table 4. 1 Nutritional information of fresh and dried seaweed. ................................................... 50
Table 4. 2 Standard reference material comparison between certified values and
analytical measurements (ug g-1). ............................................................................... 70
Table 4. 3 Average concentrations (μg g-1 or ppm) and standard deviations of selected
elements in seaweed samples. ......................................................................................71
Table 4. 4 Estimated exposure dose of heavy metals from seaweed assuming an ingestion
rate of 3080 mg of dried seaweed/day. ....................................................................... 77
Table 4. 5 Estimated exposure dose of heavy metals from seaweed assuming heavy metal
concentrations are 30% higher. ................................................................................. 78
Table 4. 6 Estimated exposure dose of heavy metals from seaweed assuming heavy metal
concentrations are 30% higher and ingestion rate of 5000 mg/day. ............................80
Table C. 1 Trace elements raw data. ........................................................................................... 104

iii

List of Figures
Figure 2. 1 Two most common seaweed farm designs. .................................................................. 9
Figure 2. 2 Study locations of Placencia Village and Little Water Caye. .................................... 13
Figure 3. 1 Dried packaged Eucheuma isiforme in a local shop in Placencia, Belize. ................. 46
Figure 3. 2 Seaweed in a gelatinous form before it is placed in seaweed shakes. ........................ 46
Figure 4. 1 The seaweed production chain in Placencia, Belize. .................................................. 49
Figure 4. 2 Value-added products made in Placencia, Belize....................................................... 49
Figure 4. 3 Seaweed on sale at a local store in Placencia, sold in 4 ounces, 8 ounces, and
16 ounces. .................................................................................................................. 52
Figure 4. 4 Average monthly rainfall data for Placencia 05/2019-05/2020. ................................ 53
Figure 4. 5 Eucheuma isiforme at different stages of growth on nylon ropes at Little
Water Caye, Belize. ................................................................................................... 55
Figure 4. 6 The rainwater collection system at Little Water Caye. .............................................. 56
Figure 4. 7 The rainwater collection system at Little Water Caye in 2015. ................................. 56
Figure 4. 8 Drying seaweed pictured on drying tables at Little Water Caye. ............................... 57
Figure 4. 9 Seaweed packed into large rice bags transported from Little Water Caye to the
PPCSL. ...................................................................................................................... 57
Figure 4. 10 Preliminary CLD created after the field course in Summer 2019. ........................... 63
Figure 4. 11 Final CLD developed for this research depicting FEWs components and
their relationship with the seaweed value chain. ..................................................... 65
Figure 4. 12 Concentrations of heavy metals in dried Eucheuma isiforme in g/g. ..................... 71
Figure 4. 13 Concentrations of heavy metals in Eucheuma spp. for various countries
listed in the literature. .............................................................................................. 75

iv

Figure A. 1 IRB Approval Letter for Study IRB # Pro00033749 ................................................. 99
Figure D. 1 Fresh seaweed nutritional facts................................................................................ 107
Figure D. 2 Dried seaweed nutritional facts. .............................................................................. 108

v

Abstract
Certain macroalgae, commonly referred to as seaweed, have traditionally been used as a
food source for many coastal communities around the world. In Belize, residents of the
Placencia Peninsula cultivate two seaweed types, Eucheuma isiforme and Gracilaria spp. at
Little Water Caye located 19 miles offshore. The dried seaweed is sold at the Placencia
Producers Cooperative Society Limited (PPCSL) where community members process it into a
variety of value-added products such as soaps, cosmetics, hair products, and food additives.
The overall goal of this research was to understand the existing food-energy-water system
(FEWS) infrastructure landscape for seaweed production in Placencia, Belize, and identify
environmental engineering intersections for future research. Two research questions guide this
research: 1) How are FEWS interconnected in the seaweed production process in Placencia,
Belize? and 2) Does the ingestion of Eucheuma isiforme sold in Placencia, Belize pose a health
risk threat from exposure to heavy metals?
In answering research question 1, semi-structured interviews and informal interviews
were conducted with five stakeholders involved in the seaweed farming endeavor to
contextualize the current culture of seaweed farming, and implications on food-energy-water
systems in Placencia, Belize. Literature on cultivation approaches, seaweed species’ biochemical
and physical properties, national and international partners, and previous research in Placencia
were also collected to determine differences in technology across various landscapes, and to
identify support networks. An additional two informal conversations were held with The Nature
Conservancy Belize (TNC) and a private seaweed production enterprise on topics related to
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seaweed farming. These interviews, literature review, and field observations completed between
June 1st and June 15th, 2020, were all used to highlight relationships among key variables in the
seaweed farming system and construct a Causal Loop Diagram (CLD) using a systems thinking
approach.
To address research question 2, a heavy metal analysis and health risk assessment were
conducted. Three samples of Eucheuma isiforme originating from Little Water Caye were
collected in dried form and analyzed. The samples were labeled EVAP_Raw for raw dried
seaweed samples rinsed by evaporation, RWH_Raw for raw dried seaweed samples rinsed by
collected rainwater, and RRWH_VAP for the value-added product that was made from seaweed
rinsed by rainwater. Samples were analyzed by ICP-MS. Average concentrations found by the
heavy metal analysis were used for calculating exposure dose, targeted hazard quotients (THQ),
and the hazard index (HI) of consuming Eucheuma isiforme for a 70 kg adult and 10 kg child.
The CLD showed that water and energy in this system are closely connected. Seaweed
farming is freshwater and energy intensive, requiring approximately 192 gallons (726.8 L) of
freshwater to rinse roughly 75 lbs (34 kg) of dried seaweed (8 lbs of wet seaweed = 1 lb of dried
seaweed) and about $300 BZ ($150 USD) for fuel. During the rainy season, rainwater is
collected using a rainwater harvesting system that was constructed on the island. At times during
the dry season, freshwater is shipped from Placencia. Seaweed farmers find that processing of
the seaweed from cultivation, to harvesting, rinsing, and drying on the island requires less
expenses than if they were to transport the seaweed in its wet stage to the mainland. Awareness
of seaweed’s nutritional benefits is growing throughout Belize. It is being used as a substitute for
pectin and gelatin, contributing to local food supply and stimulating the local economy. With this
promotion, demands for energy and water increase as well. Intersections with environmental
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engineering and hence leverage points from this include addressing freshwater provisioning
through rainwater harvesting system characterization, assessing biofuel potential from Eucheuma
isiforme used to manage nitrogen from onsite wastewater systems, and designing a “seaweed
hub.”
Given the human consumption of Eucheuma isiforme in Belize it is important to have
information on the safety of these products from a health perspective. While seaweed is known
to contain many essential minerals, it can also accumulate toxic metals. The loadings as μg/g of
chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd),
mercury (Hg), and lead (Pb) on dried Euchema Isiforme purchased or obtained in Placencia,
Belize were measured. With the exception of Cr, Se, Pb, and Hg, the recovery rate of these
elements in NIST standards of apple and spinach leaves, were between 70 and 80%. Recovery
rates of Cr were 98%, whereas Se, Pb, and Hg, had differences greater than 50%. Zinc loadings
were highest in all three seaweed samples tested. Levels of Zn for the EVAP_Raw samples were
found to be 4.21 ± 0.032 μg/g while RWH_Raw and RWH_VAP were 10.28 ± 2.36 and 9.19 ±
0.030 μg/g, respectively. This same behavior is also seen with Cu where values in EVAP_Raw
was lower at 0.675 ± 0.031 μg/g while Cu concentrations in RWH_Raw and RWH_VAP were
0.970 ± 0.037 and 0.716 ± 0.005 μg/g, respectively. Cr concentrations were 1.24 ± 0.492 μg/g for
EVAP_Raw, 1.59 ± 0.067 μg/g for RWH_Raw, 0.918 ± 0.097 μg/g for RWH_VAP. Ni
concentrations were 0.776 ± 0.307 μg/g for EVAP_Raw, 0.861 ± 0.046 μg/g for RWH_Raw, and
0.535 ± 0.174 μg/g for RWH_VAP. As concentrations were 3.87 ± 0.071 μg/g for EVAP_Raw,
3.97 ± 0.179 μg/g for RWH_Raw, and 4.49 ± 0.003 μg/g for RWH_VAP. Se concentrations
were 0.371 ± 0.067 μg/g for EVAP_Raw, 0.363 ± 0.041 μg/g for RWH_Raw, and 0.637 ± 0.168
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μg/g for RWH_VAP. Cd concentrations were 0.386 ± 0.007 μg/g for EVAP_Raw, 0.350 ± 0.008
μg/g for RWH_Raw, and 0.314 ± 0.004 μg/g for RWH_VAP.
The health risk assessment found a hazard index (HI) of less than 1 for an ingestion rate
of 3080 mg/day (assumed weight of seaweed in gelatinous form), indicating the intoxication of
consuming Eucheuma isiforme is minimal. At 30% higher concentrations of heavy metals, the HI
value for a 70 kg adult and 10 kg child were still under 1 indicating a low health risk. At 30%
higher concentrations and an ingestion rate of 5000 mg/day, the HI value for a 70 kg adult was
below 1 indicating a low health risk. However, the HI value for a 10 kg child was above 1
indicating a potential health risk from consuming Eucheuma isiforme for this age group. Future
research is needed to address onsite water and wastewater quality for heavy metals sources and
microbial contamination. In addition to this, future research can also address the intersections
with environmental engineering from either a perspective to remove the heavy metals for
consumption or to remove heavy metals as a treatment process for other types of value add
products .
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Chapter 1: Introduction
1.1 Introduction
In the Caribbean region certain macroalgae species, commonly referred to as seaweed,
have been used as a thickener for shakes, cuisines, and desserts for generations. Cultivation of
seaweed in the Caribbean began in the 1970s for (1) the production of carrageenan as a raw
material to export, and (2) local small-scale production used in food and cosmetics. In Belize,
seaweed farmers received support for this endeavor from the community, fishermen, and various
national and international organizations to increase cultivation, and economic productivity.
While private enterprise and USAID funded earlier efforts at seaweed cultivation in Belize,
support from the Community Management of Protected Areas Conservation (COMPACT) and
the Global Environmental Fund (GEF) Small Grants Programme helped to resurrect the
commercial practice in 2010 with the establishment of 10 seaweed farms. The primary purpose
was to replenish declining fish stocks in the Mesoamerican Reef System, and revitalize the local
market for its coastal communities. The Placencia Seaweed Farmers’ Cooperative manages one
of those farms at Little Water Caye in southern Belize, which for many years was the only
functioning farm.
Seaweed farming is performed in Belize on ropes suspended over relatively shallow
sandy bottom marine environments. Cultivation is done by local fisherfolk and local tour guides
to fully support, and/or supplement their incomes, while restoring the ecology of the
Mesoamerican Barrier Reef (The Nature Conservancy in Belize 2017). Harvesting practices
leave approximately 25% of the seaweed stock on the ropes to ensure that there is enough “seed”
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stock for the next harvest, and that there remains habitat for juvenile conch, crabs, lobsters, and
fish. Moreover, value addition of seaweed (i.e. creating soaps, hair products, and powdered
seaweed) is another means of income generation that comes from seaweed farming. The
regenerative and versatile nature of seaweed allows for a steady income and various avenues for
investment.
The genera Eucheuma is one of the top commercially cultivated seaweeds along with
Japanese kelp (Laminaria japonica), elkhorn sea moss (Kappaphycus alvarezii), and wakame
(Undaria pinnatifida) (Food and Agriculture Organization of the United Nations 2018).
However, limited research is available on the commonly cultivated seaweed in Belize named
Eucheuma isiforme regarding essential and non-essential metal content. Unfortunately, some
seaweeds have a high affinity for non-essential heavy metals (Bryan et al., 1973). Some have
often been used as an environmental bioindicator to determine water quality and overall
environmental health because of sorptive properties (Ginneken et al., 2018). Seaweed has also
been used as a biosorbent to remove heavy metals and excess nutrients from polluted waterways
and soils (Rahman et al., 2016; Sunwoo et al., 2016; Amin et al., 2019).
It is important to distinguish heavy metal content in seaweed from essential and nonessential, especially if it is to be used for consumption purposes to prevent potential chronic
exposure to harmful heavy metals. In addition to this, having this information on uptake behavior
and structural composition available may be beneficial to individuals interested in adding value
to cultivated seaweed for consumption purposes. Apart from Robledo and Pelegrin (1997), no
other studies exist regarding Eucheuma isiforme heavy metal composition. Heavy metal
concentrations in seaweed depend on environmental parameters like salinity, temperature,
nutrient concentrations, oxygen content (Zbikowski et al., 2006), and the structural composition
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of the seaweed (Favero et al., 1996). Due to this limited information, this study investigates the
heavy metal content of Eucheuma isiforme and implications for health.
Seaweed farming addresses several important Sustainable Development Goals (SDGs)
making it an attractive practice for many nations. Providing nurseries for marine organisms and
replenishing fish populations contribute to mariculture restoration, and addresses SDG 14
focused on conserving and sustainably using the ocean’s resources. Research has also shown that
seaweed farming can contribute to climate change mitigation thus taking action towards SDG 13
which is Climate Action (The Nature Conservancy in Belize 2017). Other SDGs addressed
through seaweed farming include SDG 1: No Poverty, SDG 5: Gender Equality, SDG 8: Decent
Work and Economic growth, SDG 14: Life below Water, and SDG 17: Partnerships for the
Goals (The GEF Small Grants Programme, 2012). With its contribution to food security from
local to global scales, seaweed farming also addresses SDG 2: Zero Hunger.
The seaweed farming endeavor in Belize interconnects food, energy, and water
components. These interconnections play a role in livelihoods and community health, yet
systems-based studies on how these components interact are limited, especially for a Caribbean
community context. Complexities in this nexus are further exacerbated as global challenges such
as resource accessibility, climate change, and population growth continue to take place (Bazilian,
2011). Uniquely vulnerable are coastal communities who rely on marine ecosystem services for
income generation and food security (United Nations 2017). As this seaweed industry grows, it is
important to understand how these dimensions interact to safeguard the livelihoods of coastal
communities. By highlighting the food, energy, water interdependencies in this system and how
they influence livelihoods in Placenica, leverage points are identified and addressed, and in this
case intersections with environmental engineering are highlighted.
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1.2 Research Goal, Research Questions and Tasks
The overall goal of this research is to understand the existing food-energy-water
infrastructure system landscape for seaweed production in Placencia, Belize, and identify
environmental engineering intersections for future research. Two research questions and
associated tasks guide this research.
Research Question 1 (RQ1): How are food, energy, and water interconnected in the
seaweed production process in Placencia, Belize? Task 1a: Characterize the existing foodenergy-water infrastructure system landscape in the seaweed farming industry in Placencia,
Belize through literature review, observations, and key stakeholder interviews. Task 1b: Apply a
systems thinking framework to capture the dynamics among food-energy-water infrastructure,
and stakeholders involved in seaweed production in Placencia, Belize.
Research Question 2 (RQ2): Does the ingestion of Eucheuma isiforme sold in Placencia,
Belize pose a health risk threat from exposure to heavy metals? Task 2a: Quantify heavy metal
loadings in Eucheuma isiforme from Placencia, Belize. Task 2b: Estimate health risk of heavy
metals posed by consuming Eucheuma isiforme from Placencia, Belize.
1.3 Organizational Overview
In this thesis, Chapter 2 explores the global growth of mariculture with an emphasis in
seaweed farming. It further investigates why seaweed farming is growing around the world, what
seaweed is used for, and discusses the typical design of a seaweed farm. Seaweed farming and its
origin in Belize is discussed along with the various species that are used in the region. This
chapter also examines literature on heavy metal uptake by most common seaweed species, and
those that are cultivated in Belize. Furthermore, literature on FEWS within the mariculture and
seaweed farming industry is presented.
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Chapter 3 describes the research methodology, including a description of the study site,
key stakeholders involved in the research, methods for the mixed method data collection and
analysis, and development of the systems model needed to address Research Question 1.
Sampling procedures for the heavy metal risk analysis are provided along with the materials and
analytical procedures used for quantification of heavy metals to address Research Question 2.
In Chapter 4, the research results are presented relating to the demands of freshwater,
transportation, seaweed at the market, and the uptake of heavy metals. These results are
compared to findings in the literature from the FEWs perspective and the heavy metals lens.
Chapter 5 then draws conclusions and makes recommendations based on the results and
discussions. Avenues for future environmental engineering research are also discussed in this
section.
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Chapter 2: Background and Literature Review
2.1 Mariculture
Mariculture is a branch of aquaculture that involves the farming of marine organisms
either in the marine environment or in land- or sea- based structures (cages, ponds, etc.) with
marine environment conditions (Phillips 2009). Marine organisms and plants farmed like
seaweed, fish, shrimp, and mollusks are used for a variety of purposes ranging from food for
humans and animals, pharmaceuticals, food additives, nutraceuticals, jewelry and cosmetics
(Food and Agriculture Organization of the United Nations 2013). This practice has provided
employment, empowerment, and income for many coastal communities, and has the potential to
be a sustainable food source locally and globally (Phillips 2009; Food and Agriculture
Organization of the United Nations 2013). The majority of mariculture is practiced along the
shore and is known as inshore mariculture. Offshore mariculture is also known as open ocean
aquaculture and is practiced some distance from the shoreline.
The global population is expected to increase to 9.7 billion by the year 2050 which calls
for sustainable sources of protein to meet future food demands (United Nations Department for
Economic and Social Affairs 2019, World Health Organization and Food and Agriculture
Organization of the United Nations 2003). The demand for offshore mariculture is expected to
rise as human populations continue to grow, competition for land availability increases, and the
availability of freshwater to produce food decreases (Kapetzki et al. 2013). In 2016, the Food and
Agriculture Organization recorded 28.7 million tonnes of food fish production valued at $67.4
billion USD from mariculture practiced offshore combined with coastal aquaculture (inshore
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mariculture) (Food and Agriculture Organization of the United Nations 2018). The Food and
Agriculture Organization of the United Nations reported that nearly one-half of total aquaculture
production (by weight) came from offshore mariculture production in 2010. This mostly consists
of seaweeds which account for approximately one-half of offshore mariculture cultivation
(Phillips 2009, Food and Agriculture Organization of the United Nations 2013).
2.2 Seaweed Farming
Seaweed, a form of macroalgae, belong to the Protista Kingdom, and are commonly
grouped as brown, green or red seaweed. They have been used as food sources for centuries and
have been traced back to the 4th and 6th century in Japan and China, respectively (McHugh
2003). It has only been in recent years that the cultivation of seaweed has transformed into an
industry with a viable source of income and nutrition for coastal communities (Ferdouse et al.
2018). The cultivation of seaweed has emerged to address environmental concerns over
harvesting of seaweed in the wild (NetAlgae 2012, Oirschot 2017). In the last 50 years, the
seaweed aquaculture industry has continued to increase production rates and is responsible for
96.5% of the global seaweed demand (Alemañ et al. 2019, Food and Agriculture Organization of
the United Nations 2018). In 2018 the cultivation of seaweeds from around the world reached a
production volume of 30.1 million tonnes live weight (Food and Agriculture Organization of the
United Nations 2018). Today, the seaweed industry is valued at more than 6 billion USD per
annum where 85% of revenue comes from consumable products (Ferdouse et al. 2018).
Over 221 species of seaweed are used commercially with about ten species intensely
cultivated including brown seaweed, red seaweed (Rhodophyta), and green seaweed
(Chlorophyta) (Ferdouse et al. 2018). Eucheuma seaweeds were among the top species cultivated
in 2018 with a production volume of 10.5 million tonnes for carrageenan extraction for
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cosmetics, food processing, and industrial uses (Food and Agriculture Organization of the United
Nations 2018, Ferdouse et al. 2018). Gracilaria was also a top producer at a volume of 4.2
million tonnes and is mainly used for agar purposes in food and laboratory settings (Food and
Agriculture Organization of the United Nations 2018). Meanwhile, species such as Spirulina
spp., Chlorella spp., Nannochloropsis spp., and Haematococcus pluvialis have been farmed for
human nutrition supplements (Food and Agriculture Organization of the United Nations 2018).
Other species such as Pyropia spp., Undaria pinnatifida, and Caulerpa spp. have mainly been
used for human consumption (Food and Agriculture Organization of the United Nations 2018).
Because of their rich nutritional value consisting of macronutrients such as sodium,
calcium, potassium, magnesium, and phosphorus, micronutrients, and vitamins (B12, A, K),
seaweed as a food source is growing in many coastal communities (Ferdouse et al. 2018, Alemañ
et al. 2019). Uses for seaweed in biotechnology has also been adding to the demand because of
their antimicrobial, nutraceutical, and pharmaceutical properties (Cottier-Cook et al. 2016). The
carrageenan extracted from seaweed has been used as a gelatin as well as a natural healing
mechanism and can be found in pet food, the meat and dairy industry, and to an extent in the
pharmaceutical industry (Ferdouse et al. 2018). Because of its versatility, sustainable seaweed
farming not only gives communities a nutritional food source, but it also provides various
avenues for economic prosperity.
2.3 Seaweed Farming Technology
The two most popular cultivation methods for seaweed are (1) the fixed, off-bottom line
and (2) the floating lines techniques (Valderrama et al. 2015). The off-bottom line method uses
nylon lines or polypropylene ropes between wooden stakes that are hammered into the substrate
to keep stable. The seaweed is then tied in small portions (50-100 g) on the ropes that are usually
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about 1 meter apart which allows the seaweed to grow to 10 times its original size (Valderrama
et al. 2015). The floating lines technique uses a raft or a type of floating construction made out of
timber or plastic with ropes that run between the structures. Small pieces of seaweed are tied to,
or within the ropes, and the floating construction is anchored to the bottom. Plastic bottles or
another buoyant device can also be used to act as a floating device and help suspend the frame.
Figure 2.1 depicts these different systems. This second method is usually done in areas where the
water is too deep to have a fixed bottom line. This system can be advantageous as the floating
parts allow easier transitioning to another position, especially in the case of extreme weather
where the system may need to be totally removed from the water (Valderrama et al. 2015.)

Figure 2. 1 Two most common seaweed farm designs. (a) Illustrates the fixed, off-bottom line
method and (b) shows the floating lines technique (from “The Economics of Kappaphycus

9

Seaweed Cultivation in Developing Countries: A Comparative Analysis of Farming Systems”,
by Valderrama et al. 2015). Figure is reprinted with permission.
Methods vary depending on seaweed species, growth rates, and what is most accessible
to the farmers of a particular region. For example, in Zanzibar, Tanzania, the traditional pegs and
ropes technique (off-bottom line method) was used for 30 years prior to introducing tubular nets
by the Sea PoWer team which took into account socio-cultural context and gender dynamics in
the region. More information regarding its impact on local livelihoods is discussed further in the
next section.
2.4 Seaweed Farming and Livelihoods
The cultivation of seaweed is an attractive livelihood to coastal communities due to the
somewhat low initial capital costs, short harvest periods, and relatively accessible technology
involved. Moreover, researchers have documented seaweed farming to decrease fishing pressure,
empower women, and reduce poverty in coastal communities (Sievanen et al. 2005, Msuya
2006). Msuya (2006) documented the reduction in poverty and malnutrition after the
introduction of seaweed farming in Zanzibar, Tanzania especially for women seaweed farmers.
The ownership of household essentials such as kitchenware, furniture and clothes (mostly
“Khanga” for women) significantly increased after the introduction of seaweed farming in
Zanzibar (Msuya 2006). In addition to this, Zanzibar has integrated gender conscious and
culturally compatible approaches into the development of their cultivation technology which has
empowered many women resulting in 80% of seaweed farmers there being women (Brugere et
al. 2019).
Seaweed farms also acts as a natural nursery for juvenile crustaceans and fish, which
stimulates fishery production in the area. In many countries, seaweed farming has often been

10

introduced into Integrated Coastal Management (ICM) plans to improve socioeconomic status,
restore natural fish stocks, and provide alternative livelihoods for fishers who may have lost
income from the decrease in fish stocks (Sievanen et al. 2005).
In the Caribbean, seaweed farming has been practiced since the 1970s and was majorly
influenced by the low-cost techniques used by various Pacific countries in seaweed farming. The
Caribbean focused on two applications. The first application focused on cultivating agarophytes
and carrageenophytes to export for industrial extraction of phycocolloids (Smith 2002). The
second application targeted local, small scale production for use in traditional foods in the region
and restoration of native seaweed species (Smith 2002). While there are a diverse set of seaweed
species that exist in the Caribbean, the most widely used division of algae is the Rhodophyta,
commonly known as the red algae. Red algae have commonly been used in locally important
cuisines, drinks, and desserts. In the predominately English-speaking countries in the Caribbean,
agarophytes, Hydropuntia cornea, H. crassissima, and Gracilaria domingensis are of large
importance to the region. In Trinidad, Gelidium serrulatum is largely harvested and the
carrageenophyte, Eucheuma isiforme, is cultivated in Belize and previously in Antigua and
Barbuda. Barbados, Jamaica, Dominica and Grenada have invested in bottled and canned
products with processing facilities present on the island for local markets.
For many of these countries, there is greater potential for small-scale production versus
large-scale production due to the lower costs of production in other regions of the world (Smith
2002). On a smaller scale, these products can be marketed in smaller quantities and at higher
prices as opposed to exporting to extraction industries. Moreover, as it relates to technology
advancements and transfer, researchers have found that those who benefit the most from the
adoption of seaweed farming are men and women who are equipped with a range of alternative
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livelihoods. As described by Smith (2002), this spectrum of income-generating activities allows
them to survive any revenue losses from production, equipment, seasonality, and fouling by
parasitic-like organisms such as epiphytes.
2.5 Study Site: Placencia, Belize and Previous Research
This study takes place in Belize focusing on Placencia Village and Little Water Caye, a
small island located about 19 miles off the coast of Placencia (see Figure 2.2). Placencia is
situated about 96 miles from Belmopan, the capital of Belize. The 15 mile long Placencia
peninsula is located in the Stann Creek District of Belize and is composed of the villages of
Placencia, Seine Bight, Maya Beach, and Riversdale. It is a multi-ethnic, multi-national region
where Creole is the major ethnic group in Placencia village, Garifuna the major ethnic group in
Seine Bight, and retired Europeans, Canadians, and North Americans in Maya Beach and
Riversdale according to the 2010 Belize population census (Statistical Institute of Belize 2011).
Placencia and Seine Bight historically were fishing communities with Seine Bight also having
farming however, much of the local economy has shifted over to tourism especially after
Hurricane Iris in 2001 that devastated the region (Wells et al. 2016, Southern Environmental
Association 2015).
The 24 km-long Placencia lagoon is situated between the Placencia peninsula and the
mainland where banana plantations in the north and aquaculture shrimp farms along the lagoon
take place (Southern Environmental Association 2015). Much of the effluent from these
activities is discharged into the lagoon from the connecting creeks in this watershed. In addition
to this, concerns have been raised on nutrient discharge along with pathogen contamination from
aging wastewater systems in response to development (Wells et al. 2016). Furthermore,
developments for tourism expansion on the peninsula have led to the clearing of mangroves and
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dredging, both of which compromise the ecology of the lagoon, water quality, and coastline
integrity (Koenig 2016). Pollutants, excess nutrients, and sediments that come from the mainland
are largely filtered out by the mangroves, seagrass beds, and herbaceous swamps present before
the creeks reach the lagoon (Southern Environmental Association 2015). The clearing of these
ecosystems for tourism development poses a challenge not only to the ecology of the lagoon
itself but also to the communities that rely on the surrounding marine environment for fishing
and ecotourism income generation.
Groundwater on the peninsula is brackish to saline with a high groundwater table (Haberstroh
2017). Belize Water Services (BWS) pumps potable water from groundwater wells on the
mainland, underneath the lagoon, to supply the peninsula (Wells et al. 2016).

Figure 2. 2 Study locations of Placencia Village and Little Water Caye. The study locations are
indicated by the red ovals. From Moon Belize by Lebawit Lily Girma., copyright © 2015. Figure
was reprinted by permission of Moon Travel., an imprint of Hachette Book Group, Inc.
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To the east of the peninsula lies the Mesoamerican Barrier Reef system which is the
second largest barrier reef in the world. The largest portion of the Mesoamerican Barrier Reef
system is the Belize Barrier Reef, a UNESCO World Heritage Site, comprising 300 km of the
over 900 km long Mesoamerican reef (Chaa Creek 2020). It was estimated by Cho (2005) that
approximately 30% of the gross domestic product for Belize came from the barrier reef in the
form of fisheries, ecotourism, and cruise tourism (Cho 2005). Little Water Caye is one of several
cayes in the Belize Barrier Reef managed by the non-governmental organization (NGO)
Southern Environmental Association Belize (SEA).
As a part of the National Science Foundation Collaborative National Research
Traineeship “Systems Training for Research on Geography-based Coasts” (also known as
STRONG Coasts), the author participated in an interdisciplinary field course called “FoodEnergy-Water systems (FEWs) GLOBAL- Belize” (CGN 6933) from June 1-15th. The author
built on relationships previously fostered by researchers in the program and collaborated on
environmental projects while stationed on the Placencia Peninsula. The author collected
qualitative data from community members involved in the seaweed farming endeavor through
interviews and participant observations. These methods were approved by the Institutional
Review Board (IRB) of the University of South Florida under the STRONG Coasts program IRB
# Pro00033749. See Appendix A for IRB documentation for this study.
Previous research in Placencia village by the University of South Florida focused on the
impacts of tourism on water and wastewater infrastructure, energy, and local livelihoods (Wells
et al. 2019, Wells et al. 2016, Koenig 2016, Vitous 2017, Prouty et al. 2018). Furthermore, how
these dynamics interact in a small coastal community where tourism development is becoming
increasingly concentrated is a major motivation for understanding the sustainability of these
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fundamental infrastructures (UNWTO 2012). Sociocultural data helps to model ways in which
engineered systems can be adopted and manipulated to various scales (Wells et al. 2016, Orlove
and Caton 2010). One study by Wells et al. (2016) conducted field-based sociocultural data
collection and analysis in Placencia, Belize to understand local groups’ interest in adopting
resource recovery technologies that could potentially be useful in reducing nutrient discharge
into their surrounding marine environment. It found that much of the understanding on
wastewater, tourism development, and resource recovery by residents followed a cultural
framework informed by recent historical events, political and economic challenges, and
consciousness of environmental change over time (Wells et al. 2016).
Residents shared that prior to the establishment of the current municipal water system
developed in 1998, cultural values on water were high due to its relative scarcity on the
peninsula (Wells et al. 2016). Rainwater was previously harvested on the peninsula and residents
were more aware of potable water quality and accessibility issues. Overall, respondents to the
study expressed that they rarely or never had issues with the tap water they received from the
mainland (Wells et al. 2016). On the other hand, wastewater was perceived as dangerous or
highly hazardous. However, this did not deter them from being open to resource recovery
technologies as long as it is safely treated. Many residents referred to the impacts from Hurricane
Iris in 2001 in the discussion of long-term sustainability of these systems. While some residents
expressed that they see need for a centralized wastewater system given the growth in tourism on
the peninsula, many were concerned about potential detrimental impacts to the peninsula and its
ecosystem if the system is not strong enough for extreme weather events. Moreover, residents
verbalized that they were interested in providing input to the design of the system and being
involved in the process. Villages like Placencia and Seine Bight have water boards that aid in the
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development of the communities through projects that are of interest. Some residents were
concerned over the loss of autonomy in making decisions about water infrastructure, access, and
its maintenance once Belize Water Services Ltd. took over the water infrastructure and replaced
the water boards (Wells et al. 2016).
Transitions from a primarily fishing economy to a tourism economy in Placencia has
highlighted several issues with accommodating a high population density in a short amount of
time. This includes challenges with water and wastewater infrastructure, energy, fisheries and
overall local ecology that many community members rely on for ecotourism activities such as
diving and snorkeling. Despite these concerns, residents of Placencia are exploring various
avenues to support local livelihoods, promote marine conservation and heritage tourism (Koenig
2016). Moreover, some residents have shared that this change has brought about a “new type of
fisherman” where they must diversity their skills in order to adapt to the changing times in
Placencia (Vitous 2017). Many of these fishers, many of whom are a part of the Placencia
Producers Cooperative Limited, rely on their generationally inherited environmental wisdom to
apply to various sectors such as tour guiding, capturing invasive lionfish, and seaweed farming
cultivation with value added products (Koenig 2016).
2.6 The Placencia Producers Cooperative Society Limited and Seaweed Farming in
Placencia, Belize
The Placencia Producers Cooperative Society Limited (PPCSL), established in 1962 by
local fishermen to support the local and commercial seafood industry, is one of the major
economic pillars of Placencia Village (Carne 2013, Key 2002). Throughout history, it has
supported the various community activities in Placencia and has sought ways to bolster local
livelihoods. Initially, captured fish, turtles, and other marine life were for local purposes, but
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after U.S. and European foreigners expressed interest in spiny lobster and conch in the early-mid
1900s, much of the capture and production went towards export to the U.S. and elsewhere
(Huitric 2005, Koenig 2016). With transitions to more productive technology yet
environmentally damaging, to capture marine organisms to satisfy increase demand from
partnerships, the cooperative started to experience decline in some of its products (Koenig 2016).
Saturation of export markets for conch and spiny lobster, and declining fish stocks
resulted in decreases in catches of lobster from 33,454 lbs in 1972 to 12,389 lbs in 1991 and
conch from 139,870 lbs. in 1976 to 21,389 lbs in 1991 (Key 2002). Membership in the
cooperative went from over 100 members to around 30 full time members and 32 part time
members in 2014 (Koenig 2016). Due to the cooperative’s temporary closure in 1993 and
decline in fisheries, members began seeking alternative incomes in other businesses outside of
seafood production such as tourism (Key 2002). As previously discussed, many members of the
cooperative alternate between fishing and the tourism industry during the high and low tourism
seasons and have also tried other alternative livelihoods such as seaweed farming.
Cultivation of seaweed has been done on a small scale for many years in Placencia and
knowledge on farming techniques has been passed on with each generation (Koenig 2016). In an
interview conducted by Koenig 2016, another seaweed farmer shared that the knowledge passed
down to him by his ancestors is critical to his conceptions of heritage and sustainability.
Furthermore, the use of seaweed in porridges and drinks has been a practice in the village for
generations showing the ingrained cultural importance of seaweed in Placencia.
After several workshops on seaweed cultivation in 2005, the cooperative and a local
marine biologist proposed a seaweed project in Placencia, Belize. Initially, that grant awarded
the cooperative $10,000 BZD to assess the feasibility of the project and productivity that can
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come from selling seaweed in the Belizean market (Koenig 2016). However, the project did
receive some setbacks as the financers originally preferred the cooperative to lease the sea beds
rather than owning them in case developers wanted to purchase these lands in the future (Carne
2013, Koenig 2016). Eventually, PPCSL acquired a Research Permit from the Belize Fisheries
Department to reframe the proposal as a research project in the Marine Protected Areas (MPA)
they manage (Carne 2013, Koenig 2016).
In 2010, a $90,000 BZD grant was awarded by the GEF Small Grants Programme under
the initiative called Community Management of Protected Areas Conservation (COMPACT) cofinanced by the United Nations Foundation to the seaweed farming endeavor in Belize (The GEF
Small Grants Programme 2012). The project encouraged the cultivation of seaweed to replenish
ecological function in the area, fish stocks, and the local market by producing products from the
harvested seaweed. It introduced local tour guides and fishers to sustainable seaweed farming,
provided the technical skills and materials needed, and constructed seaweed farms (The GEF
Small Grants Programme 2012). The project provided training for seaweed product processing
such as dried seaweed in bulk or powdered form and soap and gel products at the PPCSL
(Koenig 2016). The project focuses on the cultivation of Eucheuma isiforme and Gracilaria spp.
in marine areas accessible from the Placencia peninsula to reduce fishing pressures around
Laughing Bird Caye National Park, Gladden Spit and Silk Cayes Marine Reserve.
After the initial installation of 20 seaweed farms off the coast of Little Water Caye, the
cooperative applied and was awarded another COMPACT grant for $100,000 BZD ($50,000
USD) to further expand the production (Koenig 2016). The grant allowed an additional 20 farms
to be built off the coast of Gladden Spit and Silk Cayes Marine Reserve. The cooperative was
also awarded funds from the United States Agency for International Development Management
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of Aquatic Resources and Economic Alternatives (USAID MAREA) program to aid in the
management, production, and marketing of seaweed at the cooperative (Koenig 2016).
Since 2010, PPCSL has been collaborating with The Nature Conservancy in Belize and
the fisheries department to promote income diversification and alleviate fishing pressures in the
region (Wade 2016). In November 2019, the seaweed farming venture was awarded a $200,000
BZD grant from a joint initiative among the Belize Trade and Investment Development Service
(BELTRAIDE), TNC, and Compete Caribbean (Novelo 2019). The project, called “The Belize
Seaweed Mariculture Project,” would increase the number of seaweed farmers in Belize, attract
investors, and stimulate the industry (Novelo 2019). The overall objectives of the project are to
support fisheries productivity for traditional fisherfolk, increase the competitiveness of the
seaweed industry by ensuring quality products, effectively use channels to market to potential
buyers, nationally and internationally, and support employment for vulnerable populations
displaced due to climate change (The San Pedro Sun 2019).
The seaweed farming endeavor has had great success and has attracted farmers from
other countries to learn techniques from those in Belize. In 2015, the PPCSL hosted 6 fishermen
from Colombia and shared their cultivation techniques with them at the Gladden Spit and Silk
Cayes Marine Reserve in Belize (PPCSL 2016). They also visited San Andres and Providence in
Colombia to assist with the establishment of farms there (Trotz 2016). PPCSL also hosted a
meeting for interested farmers from Cuba in 2017 to train them on seaweed farming as a
sustainable nature-based solution.
According to the interviews by Koenig (2016), seaweed farmers said that the initial
seaweed “seed” stocks came from seaweed at Glover’s Reef that would serve as the starter
seaweed for the farms. The seaweed farms in Belize follow the floating lines technique where the
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50-foot ropes are anchored and suspended by plastic containers that act as buoys. The seaweed is
tied on the rope about 18 to 20 inches apart and at a depth of 6 ft below the surface of the water.
Each farm has eleven ropes where ten of them are harvested for commercial use. The remaining
rope is used to replant seaweed and reproduce another farm plot. This technique is beneficial for
the surrounding ecosystem because the remaining line of seaweed acts as a nursery where
juvenile fish, conch, crabs, and spiny lobsters can grow. Originally, the anchors for the farms
were constructed as flat slabs with 4 evenly spaced ⅜ inch steel bars, with the outer bars acting
as handles (PPCSL 2016). However, this design shifted over to a hollowed-out anchor structure
called the “lobster shade” design as it gives lobsters and other juvenile marine organisms habitats
(Wade 2016). The growing period for the seaweeds they harvest in Belize is usually between 3 to
6 months.
PPCSL has mostly shifted over to seaweed production in recent years. Despite the
success of the farms at Little Water and Hatchet Caye, the number of seaweed farmers involved
has remained relatively small. One resident shared that the number of seaweed farmers from the
beginning of the project to present may have dwindled because of seaweed farmers not seeing
immediate benefits from the project (Koenig 2016).
2.7 Eucheuma
2.7.1 Taxonomy and Morphology
Eucheuma is a warm-water seaweed that belongs to the division Rhodophyta, class
Florideophyceae, order Gigartinales, and family Solieriaceae. They have highly branched,
bladelike and tough fleshy bodies and are often upright (Graham et al. 2015, Trono 1992). The
thalli of the algae are cartilaginous and multiaxial, and its branches can vary from being
cylindrical to compressed (Graham et al. 2015, Doty 1985, Doty and Norris 1985). Eucheuma’s
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photopigments give its variation of gold, straw yellow, or red in color (Dawes et al. 1974).
Carposporophytes are produced on the stalks growing from the body surface and are pericarp
enclosed. Male gametophytes contain spermatia and the female bodies produce carpogonia with
reflexed trichogynes. In the outer cortex, isomorphic tetrasporophytes produce tetrasporangia
(Graham et al. 2015).
Around eighteen to twenty species of Eucheuma exist around the world with three
species commercially largely cultivated for their carrageenan content. Those species include E.
cottonii, E. spinosum, and E. gelatinae. Other species such as E. isiforme have been used on a
smaller scale for local coastal community development. The Kappaphycus genus of red algae is
commonly misdiagnosed with the Eucheuma genus due to their high morphological plasticity
(Conklin et al. 2009, Tan et al. 2012, Doty et al. 1985). Molecular studies have shown that these
genera are in actuality, genetically distinct (Conklin et al. 2009, Tan et al. 2012).
2.7.2 Reproduction and Life Cycles
Eucheuma populations that have been cultivated experience a Polysiphonia-type of life
history (also known as triphasic) that involves male and female gametophytes (N),
carposporophytes (2N), and tetrasporophytes (Azanza and Ask 2017, Graham et al. 2015).
Tetrasporophytes are commonly found in the natural beds and farms which develop from the
carposporophytes. The tetrasporophytes has a tetrasporangium that produces tetraspores through
meiosis and those tetraspores develop into either a male or female gametophyte. The male
gametophyte has spermatium and the female gametophyte has carpogonium which when fused
produce the carposporophytes. The gametophyte in the triphasic life cycle is haploid (e.g.
contains one complete set of chromosomes) and the carposporophyte and the tetrasporophytes
are diploid (e.g. two complete sets of chromosomes) (Azanza and Ask 2017, Graham et al. 2015.
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Generally, the male thalli are smaller than the reproductive female gametophyte and
easier to identify. Traditional farming methods have focused on using vegetative regeneration or
self-propagation of the algae. However, new developments in science and technology have
reproduced algae through clone cultivation, micropropagation, and carpospore release (Azanza
and Ask 2017). Understanding the reproductive stages of this algae and its genetics is highly
relevant for sustainable crop production and management.
2.7.3 Ecology
Eucheuma is commonly found in warm, tropical marine waters of the Caribbean and
Pacific, making them ideal areas for cultivation. The kind of habitat influence the color of certain
species of seaweed. For example, the Bahia Honda species found in shaded sites are a dark red in
color while those in other habitats are a tan or straw yellow color (Dawes et al. 1974). Eucheuma
usually has a single central holdfast to attach to any stable object where it can grow (Dawes et al.
1974, Mshigeni et al. 1994). It grows well in protected areas behind coral reefs and requires a
salinity of 30-35 ppt (Mshigeni et al.1994). These algae can reach up to 40-45 cm in length
(Dawes et al. 1974).
2.7.4 Biological, Physical and Chemical Characteristics
Lideman et al. (2012) observed photosynthesis performance of Eucheuma denticulatum
in marine environments and found that photosynthetic rates were better adapted to the intertidal
environment. They found that the species’ photosystem II reaction center tolerance was much
greater and that the algae had fast rehydration rates and slow dehydration rates. The presence of
nitrogen storage compounds plays a role in pigment composition in Eucheuma and can
determine absorption rates of light (Ask and Azana 2002). Therefore, various studies have shown
different photosynthetic productivity rates for different colored variations of E. denticulatum
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(Ask and Azana 2002). Optimum temperature conditions for various eucheumatoids were found
to be between 23-30C for E. denticulatum, 18-25C for E. isiforme, and 18-25 C for E.
amakusaensis (Lideman et al. 2012, Food and Agriculture Organization of the United Nations
2005, Ask and Azanza 2002).
Edible red algae such as Eucheuma are known to be rich in micro and macronutrients,
protein, and vitamins. Matanjun et al. (2009) conducted a study comparing the nutrient content
of three edible seaweeds, Eucheuma cottonii (Rhodophyta), Caulerpa lentillifera (Chlorophyta),
and Sargassum polycystum (Phaeophyta). They found that the protein content of E. cottonii and
C. lentillifera are comparable to protein content, by weight, in soybeans at 9.76% and 10.41%,
respectively. Soluble dietary fiber in E. cottonii and C. lentillifera was found to be 18.25% and
17.21%, respectively; making these species promising functional foods for prevention of
metabolic syndromes and lowering cholesterol. Huang and Yang (2019) evaluated Eucheuma
powder for chemical and physical characteristics and potential to be used as a partial flour
replacement. These researchers found that this Eucheuma powder had a protein content of 4.68%
and a crude fat content of 2.46%. They also found the powder to contain high amounts of ash
(13.09%) which indicates the presence of different kinds of beneficial minerals in the seaweed.
Soluble fiber content was found to be higher than those previously reported for Eucheuma at a
59% soluble dietary fiber content which can be due to growing conditions and carrageenan
content (Jumaidin et al. 2017, Senthil et al. 2005). A large quantity of hydroxyl groups is present
in Eucheuma’s structure because of its high carrageenan content. Due to this chemical
composition, water molecules are more easily held together giving the Eucheuma powder
analyzed a high-water holding capacity (WHC) of 14.54 g of water/ g of powder (Huang and
Yang 2019). Huang and Yang (2019) also found the oil absorption capacity (OAC) of the
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Eucheuma powder to be 2.15 g of oil/g of powder which relates to the porosity of the fiber
structure
Eucheuma is well known for its high carrageenan content which is used to preserve
products, and as a thickener in foods, beverages, cosmetics and pharmaceuticals. Carrageenan is
a sulfated polysaccharide, also known as a phycocolloid, commonly found in red algae that
belong to the families of Gigartinaceae and Solieriaceae in the order Gigartinales. It is found in
the cell walls and is present in three (3) major fractions: kappa, lambda, and iota (Dawes et al.
1974, Ferdouse et al. 2018). Eucheuma is mostly composed of iota carrageenan which is softer
and more elastic than kappa carrageenan but not as creamy as lambda carrageenan (Dawes et a.
1974). Determination of carrageenan fraction is done by quantifying the amount of 3,6 anhydroD-galactose and sulphate present (Dawes et al. 1974). Environmental factors, such as nitrogen
(N) and phosphorus (P) limitations, and physiological tolerances can influence the yield and
quality of carrageenan produced even within the same species (Freile-Pelegrin and Robledo
2008, Chopin et al. 1990). Freile-Pelegrin and Robledo (2008) found that native Eucheuma
isiforme species from Nicaragua and Yucatan, Mexico have carrageenan yields at around 57%
and 45%, respectively. Meanwhile, researchers in Florida have found carrageenan content as
high as 70% in its dry form for this same species (Dawes et al. 1974). High seawater nutrient
concentrations on the Yucatan coast are said to be the reason for this discrepancy (FreilePelegrin and Robledo 2008).
Extensive research on nutrient uptake rates, nitrogen assimilation, nutrient storage, and
critical tissue nutrient concentrations by the Eucheuma genus is limited. However, a study
conducted by Nishihara and Terada (2010) assessed nutrient supply rates within a canopy of
Eucheuma serra by using a recirculating flow-chamber and adjusting water velocities
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accordingly. Transport of nutrients from the marine environment to the algae depends on several
parameters. It is a function of the biological processes of the algae (nutrient uptake rate),
chemical properties of the nutrient (diffusion coefficient), and the water velocity of the
environment (Nishihara and Terada 2010). They found that the maximum uptake rate was lower
for nitrate (13.0 ± 4.8 μmol/ g dry weight/ hour) than ammonium (106 ± 12.4 μmol/ g dry
weight/hour), respectively (Nishihara and Terada 2010). They also found that the thallus in the
canopy had nutrient uptake rates 56% lower than the outer region of the canopy which can be an
indication of lower advection rates to the thallus and lower turbulent kinetic energy (Nishihara
and Terada 2010). This advection rate and turbulent kinetic energy would foster more nutrient
supply rates to sections of the canopy. The differences between ammonium supply and uptake by
E. serra indicate that not only is uptake rate determined by water velocity and concentration of
nutrients, but it is also a function of physiological factors. Multi-factorial research involving
hydrodynamics of marine environments, nutrient concentrations, and detailed monitoring of
physiological behaviors exhibited by Eucheuma is needed.
2.7.5 Applications: Water Treatment
Various types of algae have been explored as a cost-effective and natural approach to
treating polluted waters and wastewater from different types of industries and residential areas.
Haglund and LindstrÖm (1995) investigated the potential use of locally found macroalgae for the
removal of nutrients from household wastewater in Zanzibar, Tanzania, and found high uptake
rates for ammonium, nitrate, and phosphate for the three species investigated which were Ulva
spp.(Chlorophyta), Hypnea cornuta (Rhodophyta), and Gracilaria verrucose (Rhodophyta).
Ammonium was found to be completely assimilated in the system and nitrate was assimilated to
90-95%, average uptake capacities were 1-3 g of N and 0.1-0.3 g of P per kg of fresh weight per
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day, the species studied had their best growth rates in normal seawater salinity or at 25% salinity,
and none of the species did well in 10% salinity for more than 2 days (Haglund and LindstrÖm
1995).
Msuya and Neori (2002) conducted similar experiments with Gracilaria crassa, Ulva
reticulata, Eucheuma, and Chaetomorpha, but in tidal land-based fishpond effluent in Tanzania.
There, Gracilaria crassa and Ulva reticulata removed nitrogen as seaweed protein at removal
rates of up to 0.4 g of N/m2/day and also helped oxygenate the water (Msuya and Neori 2002).
However, Eucheuma and Chaetomorpha did not perform as well. The species used, Eucheuma
denticulatum, did not survive in the outflow channels of the fishponds; the algae lost color and
white lesions appeared at the tips of the plant which are an indication of peroxide formation
induced by stress (Msuya and Neori 2002). The stress could have been caused by low pH, low
salinity, and the relatively higher nutrient fluxes in the ponds, however, the Eucheuma species
could have received an influx of nutrients that sped up its life cycle (Msuya and Neori 2002).
2.7.6 Applications: Energy Generation
Biofuel generation from algae could help meet energy demands due to its abundance and
being a carbon neutral resource. Current biofuel production comes from land-based crops such as
corn and sugar cane which poses challenges related to competition for land and energy for food
production, and potential pollutant loads from nutrients, and pesticides. Algae is considered a
third-generation biomass for the production of biofuels with corn as first generation biomass and
second generation being lignocellulosic biomass. This means that with each higher generation
the feedstock and the process by which biofuels are generated looks to overcome the associated
challenges from the previous generation (Sims et al. 2010). Sunwoo et al. (2016) evaluated
ethanol production for biofuel purposes in four Rhodophyta, Gelidium amansii, Gracilaria
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verrucose, Kappaphycus alvarezii, and Eucheuma denticulatum, and found that the fermentation
process produced bioethanols of 18.7, 19.1, 14.5 and 13.0 g/L, respectively.
Kawaroe et al. (2017) studied the widely cultivated macroalgae species, Eucheuma
cottonii, as a potential feedstock for biogas production, and found the highest daily biogas
production to be 2.54 mL/g VS (volatile solids) for salinity levels at 0 ppt and 2.05 mL/g VS for
29 ppt. The lower salinity levels showed slightly better production of biogas and methane than
higher salinity levels, and this was most likely due to the bacteria used in the digester being able
to adapt at lower salinity levels (Kawaroe et al. 2017). It is possible that bacteria sourced from
high salinity environments may perform better at digesting seaweed cultivated in the sea. Bolong
et al. (2018) also evaluated Eucheuma cottonii for potential use in anaerobic digestion and found
production rates to be 0.4-1 mL biogas/g seaweed with about 56% methane content.
2.8 Heavy Metal Accumulation
Previous research has shown that some seaweeds have a high affinity for heavy metals
and can serve as bioindicators of water quality health in estuarine and coastal waters (Bryan et al.
1973, Ginneken et al. 2018, Sun et al. 2019, Reis et al. 2016). Because of this they have been
used in trace metal field studies (Perez et al. 2007, Villares et al. 2002). Moreover, efforts in
biotechnology use certain seaweed species as a value-added product from biofuel production to
remove heavy metals from industrial wastes (Rahman and Sathasivam 2016, Sunwoo et al.
2016). This includes the production of algal biochars which naturally tend to have high
adsorption capacities, highly porous structures, and favorable surface chemistry for heavy metal
adsorption (Amin et al. 2019). Researchers such as Abd-Elhady (2014, 2015) and El Zabalawy
(2014) have also used dried seaweed to bioremediate soils contaminated with Cu, Mn, Pb, and
Zn.
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The amount of heavy metal accumulated by the seaweed depends on the species and
structural makeup of the algae. Sun et al. (2019) that found green algae held a higher capacity for
Fe, Ni, and Pb than brown and red algae. Meanwhile, red algae was a strong accumulator of Cr
and Se, and brown algae had higher accumulation rates of Zn, Cd, and Pb (Sun et al., 2019).
When compared according to their phylogeny, the bioconcentration factor (BCF), a ratio of the
concentration of metals in water and the algal thalli, exhibited similar BCF orders to previous
studies (Sun et al. 2019). It is postulated that these differences may be due to differing affinities
of the metals for the chemical functional groups such as carboxyl, hydroxyl, sulphonate and
amino groups on the cell walls of the algae (Olivares et al. 2016). Favero et al. (1996) found that
U. rigida from the Palude della Rosa lagoon in Venice accumulates Fe in particular, and
described this removal of iron from solution to occur through two-stages. The first stage is the
physicochemical adsorption on the exterior surface of the algae which depends on external
factors such as salinity, competing compounds, and pH (Favero et al., 1996), and the second
phase is a much slower metabolic uptake of the metals within the algae’s cells (Garnham et al.
1992, Eide et al. 1980). Older tissues tend to have higher concentrations of metals (Favero et al.
1996).
Table 2.1 summarizes studies of heavy metal accumulation in Eucheuma. Literature was
reviewed by searching “Eucheuma”, “heavy metals” and “mineral content” using Google
Scholar, Web of Science, and the University Libraries up to May 2020. Afiah et al. (2019)
analyzed the uptake of lead (Pb) and cadmium (Cd) in Gracilaria spp. and Eucheuma cottonii
cultivated in several coastal areas of Java, Indonesia and found that those species located in areas
with poor waste management had higher concentrations of metals. Concentrations for Pb and Cd
for Gracilaria spp. were 0.482-0.794 g/g dry weight and 0.021-0.121 g/g dry weight,
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respectively, with the highest levels of Pb associated with industrial factory waste discharge into
the river that feeds in the seaweed ponds in this area (Afiah et al. 2019). For Eucheuma cottonii,
the concentrations of Pb and Cd were found to be 0.230-0.697 g/g dry weight and 0.011-0.223
g/g dry weight, respectively (Afiah et al. 2019). Another study conducted by Chang and Teo
(2016) evaluated the Cd, As, Cr, Fe, Mg, Pb, Hg, Ni, and Zn content of Eucheuma cottonii
collected from coastal areas in Sabah, Malaysia. Values for Cd, Cr, Mg, Pb, Hg, and Ni were
non-detectable by the analytical techniques employed, whereas values for As were found to be
3.9 ± 0.002 g/g dry weight, Fe was 14.9 ± 0.001 g/g dry weight, and Zn was 3.0 ± 0.0001 g/g
dry weight (Chang and Teo 2016). Rahman and Sathasivam (2016) studied the biosorption
potential of Eucheuma denticulatum to remove heavy metals in a laboratory setting, specifically
Pb, Cu, Fe, Zn, from industrial effluents, and found biosorption capacities to be 81.97, 66.23,
51.02 and 43.48 mg/g, respectively. Fourier transform infrared analysis (FTIR) from that study
found amine, aliphatic, carboxylate, carboxyl, sulfonate and ether groups in the cell wall matrix
during the metal sorption process (Rahman and Sathasivam 2016). Given the acid base nature of
these functional groups, it is not surprising that Kang et al. (2012) found that the removal of Cd
by Kappaphycus alvarezii and Eucheuma denticulatum waste (after it has been industrially
processed) depended on pH, with maximum biosorption capacity occurring at a pH of 4.
The Eucheuma species previously studied varied in heavy metal concentrations, and
represented samples collected from diverse locations around the world. Fe varied from a low of
14.9 g/g dry weight (Chang and Teo 2016) to 128.62 g/g dry weight (Robledo and Pelegrin
1997). Zn was between 3 g/g dry weight (Chang and Teo 2016) and 65.05 g/g dry weight
(Krishnaiah et al. 2008). Cu was between 0.036 g/g dry weight (Diharmi et al. 2019) and 4.25
g/g dry weight (Krishnaiah et al. 2008). Cd values were documented for Eucheuma
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denticulatum which were 0.1 g/g dry weight (Krishnaiah et al. 2008). Mg values were found to
be 7835 g/g dry weight for Eucheuma denticulatum (Krishnaiah et al. 2008). Cr was between
2.3 g/g dry weight (Robledo and Pelegrin 1997) and 6 g/g dry weight (Krishnaiah et al. 2008).
As was between 3.9 g/g dry weight (Chang and Teo 2016) and 39 g/g dry weight (Krishnaiah
et al. 2008). Se was found to be 5.9 g/g dry weight for Eucheuma cottonii (Matanjun et al.
2009). Pb values were between 0.0235 g/g dry weight (Komariyah et al. 2019) and 34.23 g/g
dry weight (Robledo and Pelegrin 1997).
Table 2. 1 A review of heavy metal uptake by Eucheuma.
Element

Macroalgae

Natural environment
Pb
Eucheuma
cottonii

Conditions
•

Seaweed cultivated
(17-20 days) in Bluto
waters and Saronggi
Sumenep waters,
Madura in East Java
Indonesia.

As
Fe
Zn

Eucheuma
cottonii

•

Collected from
Semporna coast in
Sabah, Malaysia

Fe, Cu,
Cr, Zn, Pb

Eucheuma
isiforme

•

Caribbean seaweed
species selected from
natural populations in
the spring of 1994
Yucatan peninsula

•

Concentrations

Bluto Marine
Station 1: 0.018 g/g
dry weight
Station 2: 0.023 g/g
dry weight
Saronggi Marine
Station 1: 0.0256 g/g
dry weight
Station 2: 0.0276 g/g
dry weight
As : 3.9 ± 0.002 g/g
dry weight
Fe: 14.9 ± 0.001 g/g
dry weight
Zn: 3.0 ± 0.0001g/g
dry weight
Fe: 128.62 ± 22.29
g/g dry weight
Cu: 2.87 ± 0.00 g/g
dry weight
Cr: 2.30 ± 0.00 g/g
dry weight
Zn: 5.45 ± 0.00 g/g
dry weight
Pb: 34.23 ± 2.75 g/g
dry weight

Reference

Komariyah et
al. 2019

Chang and Teo
2016

Robledo and
Pelegrin 1997

30

Table 2. 1 Continued.
Element Macroalgae
Natural environment
Fe, Zn, Eucheuma •
Cu, Se
cottonii
•

Zn
Cu

Eucheuma •
spinosum

Conditions

Concentrations

Reference

Collected from
coastal areas of
North Borneo,
Malaysia.
Eucheuma cottonii
harvested from
Universiti
Malaysia Sabah
farms in Bangi,
Sabah.
Harvested after 45
days of cultivation
from Nusa Penida
island (Bali
province);
Sumenep in
Madura island
(East Java
province); and
Takalar (South
Sulawesi
province).

Fe: 26.1 g/ g dry weight
Zn: 43 g/g dry weight
Cu: 0.3 g/ g dry weight
Se: 5.9 g/ g dry weight

Matanjun
et al. 2009

Zn
Nusa Penida: 21.335 ± 0.346
g/g dry weight
Sumenep: 4.68 ± 0.000 g/g dry
weight
Takalar: 26.37 ± 0.127 g/g dry
weight
Cu
Nusa Penida: 0.036 ± 0.026 g/g
dry weight
Sumenep: 0.175 ± 0.067 g/g dry
weight
Takalar:0.232 ± 0.006 g/g dry
weight
January 2004
Fe: 64.5 ± 2.9 g/g dry weight
Zn: 63.8 ± 4.5 g/ g dry weight
Cu: <5.5 g/g dry weight
Cd: <0.1 g/g dry weight
Mg: 7250 ± 37 g/g dry weight
Cr: <5 g/g dry weight
As: 38.7 ± 0.5 g/g dry weight

Diharmi et
al. 2019

•
Fe, Zn,
Cu, Cd,
Mg, Cr,
As,

Eucheuma • Collected from
denticulatum Kota Kinabalu
(Sabah, Malaysia)
market.
• Cut into small
pieces and vacuum
dried at 60C then
milled to less than
1.0 mm particle
size.
• Triplicates.

Krishnaiah
et al. 2008

July 2004
Fe: 60.5 ± 2.4 g/g dry weight
Zn: 66.3 ± 3.5 g/g dry weight
Cu: <3 g/g dry weight
Cd: <0.1 g/g dry weight
Mg: 8420 ± 94.2 g/g dry weight
Cr: <7 g/g dry weight
As: 39.3 ± 1.5 g/g dry weight
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Only one study on E. isiforme in the Caribbean has directly investigated the accumulation
of heavy metals. Robledo and Freile Pelegrin (1997) did this in the Yucatán peninsula, where
they found that this species had protein content of 12.10%, mineral content of about 0.55% for
Na, 0.45% for K, < 0.5% for Ca, and about 0.5% for Mg in g per 100 g dry weight. For trace
metal loadings, Fe was 128 ± 22.29 g/g dry weight, Cu was 2.87 ± 0.00 g/g dry weight, Cr
was 2.30 ± 0.00 g/g dry weight , Zn was 5.45 ± 0.00 g/g dry weight , and Pb was 34.23 ± 2.75
g/g dry weight (Robledo and Freile Pelegrin 1997).
2.9 Heavy Metal Health Risk Assessment
Health risk assessments on heavy metals in commercially valuable edible seaweed have
mainly focused on seaweed cultivated in Asian and European countries. Table 2.2. lists some
literature on health risk assessments performed on edible seaweed. Most studies have found a
low health risk to adults with some seaweeds needing remedial action. Published studies on
health risk assessments of heavy metals have not been previously performed on Eucheuma.
Estimating exposure levels is of great importance to observe any underlying health risks. A
major exposure pathway to heavy metals for humans is through the food chain (Amin et al.
2013).
Seaweed consumption is high in many countries. In Belize, it is frequently used in
seaweed shakes, porridges, curries, and other meals as a thickener. It also contains many
important micro and macronutrients. While it has been seen as a nutritious food source, research
on average daily and weekly intakes of essential and non-essential metals in humans is limited
for the algal species, Eucheuma isiforme.
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Table 2. 2 Health risk assessments on heavy metals for some edible seaweed.
Elements

Macroalgae

As, Cd,
Hg, Pb

Saccharina latissimi, Alaria
esculenta, Palmaria palmata

Cu, Pb,
Cd, Cr,
and As

Ulva prolifera

Al, Mn,
As, Cu,
Cr, Ni,
Cd, Se,
Pb, Hg

Porphyra, Laminaria,
Undaria

As

Hizikia fusiforme, Laminaria
japónica, laminaria sp.
Porphyra sp., Undaria
pinnatifida

SO4, F,
Na, K,
Ca, Mg,
P, Si, Fe,
Mn, Zn,
Ni, Co,
Cu, Cd

Jania Rubens, Gracilaria
compressa, Gracilaria
verrucosa, Pterocladia
capillacea, Hypnea
musciformis, Ulva lactuca,
Codiumtomentosum,
Enteromorpha intestinalis

Ingestion
Rate
5.2 g/day
dry seaweed
biomass
ingested

Results

Exposure dose does
not exceed 0.118
g/kg body weight
day
HI values below 1.
Low health risk.
1.4 g/day of Exposure dose does
fresh dried
not exceed 0.2 g/kg
seaweed
body weight day
biomass
HI values below 1.
ingested
Low health risk.
5.2 g/day
Apart from Al,
dry seaweed exposure dose does
biomass
not exceed 2.22 g/kg
ingested
body weight day (Mn).
HI values below 1.
Low health risk.
10 g/day
Exposure of inorganic
wet seaweed As is 2.10 g/kg body
ingested
weight day for Hijiki
(Hizikia fusiforme).
Others were less than
0.39 g/kg body
weight day.
High consumption of
Hijiki can pose health
threat.
1 g/day for
Average estimated
toddlers and daily intakes range
3 g/day for
from 0. 19 g/kg body
adults of
weight day (Cu) to
dried
6100 g/kg body
seaweed
weight day (F).
ingested
Remedial action
needed for F, Zn, and
Co.

Referen
ce
Roleda
et al.
2019

Li et al.
2018

Chen et
al. 2018

Brandon
et al.
2014

El-Said
2013
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Table 2. 2 Continued.
Elements
K, Ca, P, S, Cl,
Mn, Fe, Cu, Zn,
Ni, Br, I, Al,
Ti, Si, Rb, Sr,
As, Cd, Sn, Pb

Macroalgae
Gelidium spp.,
Chondrus crispus,
Lithothamnium
calcareum,
Palmaria palmata,
Phorphyra
umbelicalis,
Aschophyllum
nodosus, Fucus
vescicolosus,
Himanthalia
elongata,
Laminaria digitate,
Undaria
pinnatifida,
Chlorella
pyreinodosa,
Ulva/Enteromorpha
sp., Ulva lactuca,
Spirulina platensis

Ingestion Rate
3.3 g and 12.5
g/day of fresh
wet seaweed
ingested.

Results
Toxic elements
intake from
seaweed was
below
recommended
dose.
Caution
necessary for
iodine as 10 out
of the 14
seaweeds
analyzed
exceeded
recommended
dose.

Reference
Desideri et
al. 2015

The presence of some heavy metals is essential to the human body. Depending on
valence state, chromium (Cr) can be beneficial for the human body. Trivalent chromium can help
maintain normal blood glucose levels (Mertz 1993). Hexavalent chromium, however, is a byproduct of stainless steel, pigments, chromate chemicals and can be harmful for human health
(Katz and Salem 1993). The daily recommended intake (DRI) for trivalent chromium is 35
mg/day for men and 25 mg/day for women. Copper (Cu) is an essential trace metal that plays a
role in energy production, iron metabolism, regulation of gene expression, brain development,
and effective functioning of the immune system (Collins 2014). Adults over the age of 19 are
recommended to have a daily intake of about 900 micrograms. However, too much copper can
be toxic to the human body and result in the destruction of liver cells and damage nerve cells
(National Academy Press 2000). Selenium (Se) can be found naturally in foods and can be found
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as a supplement. It is involved in DNA synthesis, reproduction, and thyroid hormone metabolism
(Sunde 2012). Previous research has also shown the possibility of it playing a role in the
prevention of cancer, cardiovascular disease, thyroid disease, and cognitive decline (Sunde
2012). Chronically high intakes of selenium can be harmful to the human body and can lead to
hair and nail loss, damage to the skin and nervous system, and fatigue (Institute of Medicine,
Food, and Nutrition Board, 2000). Acute high intakes of selenium can come from the
consumption of mis-formulated dietary supplements or foods with naturally high selenium
content such as Brazil nuts, and this can lead to acute respiratory distress syndrome, kidney
failure, and cardiac failure (Sunde 2012, Institute of Medicine, Food, and Nutrition Board 2000).
Therefore, the tolerable upper intake level for selenium is about 400 micrograms per day
(Institute of Medicine, Food, and Nutrition Board 2000). Zinc is also an essential mineral for
normal bodily functions. It promotes protein and DNA synthesis and supports normal growth and
development during pregnancy (Institute of Medicine, Food, and Nutrition Board 2001, Prasad
1995, Simmer and Thompson 1985). However, high levels of zinc can also be detrimental to
human health and can lead to reduced immune function and affect certain aspects of urinary
physiology (Prasad 1995). The DRI for zinc is 11 mg/day for men and 8 mg/day for women.
Non-essential trace metals that are toxic to human health include arsenic (As), cadmium
(Cd), mercury (Hg), lead (Pb), and nickel (Ni). Arsenic in soluble inorganic form (As (III)) is
acutely toxic and can lead to a variety of human health issues like skin lesions, gastrointestinal
symptoms, cardiovascular disease and cancer (Institute of Medicine, Food, and Nutrition Board
2001). Exposure to inorganic arsenic can come from consumption of contaminated water, food
prepared with this water, or food irrigated with contaminated water (Hughes et al. 2011). The
WHO benchmark dose lower confidence limit (BMDL01), the dose that exhibits a predetermined
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change in the response of an adverse health effect, is 0.3- 8 g/kg/day for inorganic arsenic
(Food and Agriculture Organization of the United Nations 2011). As a result, the previously
established provisional tolerable weekly (PTWI) intake of 2.1g/kg was withdrawn because it
fell into this range (Food and Agriculture Organization of the United Nations 2011).
High doses of cadmium can be toxic to the bones, kidneys, and the cardiovascular system
(Rafati Rahimzadeh et al. 2017). The PTWI, which is the limitation of intake for a particular
substance over a 7-day period, for cadmium is 2.5 g/kg body weight (Guardia 2015). Mercury
can be found in the atmosphere in elemental form and in aqueous environments as
methylmercury where it can bioaccumulate in fish and shellfish (Michael et al. 2016). Exposure
to mercury can lead to headaches, cognitive impairment, and memory loss (Langford and Ferner
1999). The PTWI for mercury is 5 μg/ kg body weight. Lead exposure can have adverse effects
on the nervous and reproductive systems and can lead to decline in intelligence quotients (IQ) in
children (Schnaas et al. 2006). The PTWI of lead is 25 μg/kg body weight. Excessive exposure to
nickel can result in adverse effects in the respiratory system and the provisional tolerable daily
intake (PTDI) of nickel is 12 g/kg body weight (Forti et al. 2011).
2.10 Food-Energy-Water Systems-based Approach
The food, energy, and water sectors have numerous interlaced concerns that grow in
complexity as global challenges such as resource accessibility, environmental pollution, and
population increase continues (Bazilian 2011). While these issues develop in various ways in
each of these sectors, the impacts are closely related. Highlighting these interdependencies can
help in identifying leverage points for synergies and future research. Moreover, explicit linkages
between terrestrial and marine systems is often underrepresented in the food-energy-water
literature (Endo et al. 2017). There is opportunity for advancements in these studies as marine
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systems are essential in providing protein and food security to coastal communities (Endo et al.
2017). Therefore, a systems-based approach is integral in elucidating possible topics of interest.
A systems-based approach allows the navigation of these food-energy-water complexities
in a holistic manner rather than through a reductionist perspective. The reductionist approach
breaks the complex system into smaller components where single cause and effects are likely and
assume these parts describe the entire system. This is advantageous in that complex problems are
easier to analyze (Gershenson 2010). However, as mentioned in Zhang et al. (2016), within the
sphere of sustainable development, a reductionist approach on its own does not fully assess the
feedbacks and linkages within a system. An oversight of these critical linkages can lead to the
failure of technology, management, or unintended consequences (Huston 2016). In addition to
this, frameworks for implementing food-energy-water nexus thinking often fail to incorporate
sustainable livelihoods perspectives. As discussed by Biggs et al. (2015), livelihoods are
fundamental to achieving sustainable development yet literature highlighting the interrelated
dynamics between human populations and the natural environment within the food-energy-water
system nexus is lacking.
Moreover, food-energy-water systems nexus research in the field of aquaculture has
mainly been focused on seafood systems and large scale mariculture endeavors for energy
production (Pringle 2017, Debrot and Van den Burg 2019, Merz and Main 2014, Miara et al.
2014, Gephart et al. 2017). Gephart et al. 2017 sought to bridge gaps by addressing freshwater
requirements in the seafood industry overall however, the study did not account for potential
freshwater requirements in the seaweed farming endeavor which accounts for about one-half of
offshore mariculture production globally (Phillips 2009, Food and Agriculture Organization of
the United Nations 2013). While some seaweed farming practices do not require freshwater to
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rinse their seaweed (Debrot and Van den Burg 2019), other areas do require freshwater to rinse
their product and thus, can misrepresent the total freshwater demand in the aquaculture industry
especially as mariculture continues to grow. This study looks to bridge this gap in the foodenergy-water systems nexus literature by quantifying freshwater requirements and associated
tradeoffs in the nexus for seaweed farming including health impacts from heavy metals. It does
so using a case study in Belize where published systems thinking food energy water nexus work
does not exist.
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Chapter 3: Materials and Methods
This chapter presents the materials and methods used to accomplish Tasks 1a, 1b, 2a, and
2b for Research Question 1 (RQ1) and Research Question 2 (RQ2).
3.1 Research Question 1 (RQ1): Task 1a and 1b
To answer RQ1, Task 1a and 1b were employed. Task 1a is to characterize the existing
food-energy-water infrastructure system landscape in the seaweed farming industry in Placencia,
Belize through literature review, observations, and key stakeholder interviews. Task 1b is to
apply a systems thinking framework to capture the dynamics among food-energy-water
infrastructure, and stakeholders involved in seaweed production in Placencia, Belize. A mixed
methods approach (i.e. participant observations, semi-structured interviews, informal interviews,
systems thinking, and literature review) was employed to collect site specific data and variables.
3.1.1 Participant Observations
On June 5th, the author visited Little Water Caye by boat where the seaweed farms are
located. Notes were collected on the farm’s structure and design, observable environmental
impacts, seaweed processing and equipment, and water and wastewater systems. These notes
were documented through writing, photographs, and videos. In Placencia Village, the author and
fellow researchers located areas where seaweed was sold, made observations of the location, and
discussed those products with vendors who sold, or used it to make other products. This field
work was done from June 1st- June 15th, 2019.
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3.1.2 Semi-Structured and Informal Interviews
Five (5) semi-structured and informal interviews were conducted in Placencia, Belize
with stakeholders involved with seaweed to discuss the processing of their product, between
6/1/2019 and 6/15/2019 as part of a University of South Florida Food Energy Water Systems
field course in Belize. Purposive and snowball sampling was used to target key stakeholders in
the seaweed farming industry. The duration of each interview was between 20 minutes to an
hour. Those interviewed were identified based on their involvement with the seaweed farming
industry in Placencia and knowledge of seaweed related products. A list of the interview
questions can be found in Appendix B. This included questions such as “Do you run into
challenges relating to water when making your product?” for value-add producers, and “Have
you seen any issues with seaweed farming so far?” for the interviewed seaweed farmer.
Questions were asked about the production of seaweed from the seaweed farms at the caye to the
Placencia. This included time spent at the caye, quantity of water needed to rinse the seaweed,
trainings, interest in value added products, and fuel considerations. Questions for the value-add
producers focused on the process in which they make their product, who purchases their product,
time spent, challenges, inputs, and future goals for their product. These questions were openended questions that enabled participants to speak on their experiences. The interview conducted
with the seaweed farmer was done in a group setting where multiple researchers asked multiple
questions. Interviews with the other participants were either done one-on-one or with another
STRONG Coast fellow. Follow-up questions were asked to stakeholders through video calls,
emails, and instant messaging after the two-week field period. An additional 2 meetings were
held in 2020 with The Nature Conservancy (TNC) Belize and with a private seaweed production
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enterprise to explore synergies with environmental engineering research for seaweed production
in Belize.
3.1.3 Data Analysis
Recorded interviews were transcribed. The interview data and the field notes were
printed and reviewed by a color-coded system to identify frequently occurring themes. These
themes were identified based on the research questions of this study. Frequently emerging
themes in the semi-structured interviews and informal interviews were used to inform the causal
loop diagram.
Table 3. 1 Interviewees and their associated sector in the seaweed farming industry during the
interview period 6/1/2019 to 6/1/2020.
Interviewee
Placencia Producers Cooperative Society Limited
The Shak
J-Dees’s Restaurant and Bar
Brewed Awakenings
Local Entrepreneur

Sector
Production
Value-add: Food & Beverage
Value-add: Food & Beverage
Value-add: Food & Beverage
Value-add: Food & Beverage

3.1.4 Ethics
The methods that include human subjects research were conducted according to the USF
Institutional Review Board approved study (IRB#: Pro00033749). The study’s approval letter is
provided in Appendix A. This study fell under the larger National Science Foundation Research
Traineeship “Systems Training for Research on Geography-based Coasts” (also known as
STRONG Coasts) from the University of South Florida. Information provided by the research
participants was used to better understand food, energy, and water dynamics in the seaweed
farming industry and how this influences local livelihoods and health within the industry. Results
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from this study will be shared with the community partners including the Placencia seaweed
farmers and seaweed entrepreneurs.
Participants were briefed on the purpose of the study before the interview and informed
consent was received. Participants were also informed that participation was voluntary. Each
participants privacy and confidentiality were respected in this study. Real names were omitted
from this study.
Data collected on the health impacts from heavy metals was shared with the interested
participants from collection of the data to the analysis in order to maintain full transparency.
Data was shared through email and was also placed in a shared Google Drive folder with
interested participants. In addition to this, the inclusion of the health risk assessment served to
have a tangible understanding of what the resulting heavy metals values in seaweed mean to the
community’s health.
3.1.5 Systems Thinking Approach
A systems thinking approach was taken to understand how food, energy, and water
components interact with livelihoods and health in the seaweed farming venture in Placencia,
Belize. The field observations and interview data collected were used to construct a causal loop
diagram (CLD) that highlights and links these relationships based on firsthand experiences by
the community members. Previous research and background on the industry were also used to
inform this diagram. CLDs are conceptual models that contextualize the problem, variables, and
feedbacks within the system. This approach considers how components of a system interact with
one another over the lifetime of the system (Arnold and Wade 2015). Reinforcing feedback loops
were used to show relationships that change in the same direction (+). These feedback loops have
an action that causes a result that gives more of that same action. Balancing feedback loops were
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also used to illustrate relationships that change in the opposite direction (-) given a certain action
(e.g. +). Where appropriate, system archetypes such as Limits to Growth were also used to depict
the behavior of the system (Braun 2002). The Ventana systems Inc. VensimPLE software was
used to create this diagram.
3.2 Research Question 2 (RQ2): Task 2a and 2b
To answer RQ2, Task 2a and 2b were established. Task 2a is to quantify heavy metal
loadings in Eucheuma isiforme from Placencia, Belize. Task 2b is to estimate the potential health
risk of heavy metals posed by consuming Eucheuma isiforme from Placencia, Belize through a
health risk assessment.
3.2.1 Samples
Three (3) samples of eucheuma isiforme were collected from Placencia, Belize and
analyzed in triplicate. All samples originated from Little Water Caye but were collected in
different forms, and at different times. One sample was collected at a local market in Placencia in
June 2019 (Labeled RWH_Raw), one was acquired at Little Water Caye without rinsing in the
rainwater harvesting system in 2015 (Labeled EVAP_Raw) and the last sample was a valueadded product from a local entrepreneur who used seaweed sold at PPCSL in June 2019
(Labeled RWH_VAP). The samples purchased from the PPCSL are usually washed and dried at
Little Water Caye prior to transportation to Placencia. The sample collected from Little Water
Caye in 2015 was placed in Ziploc bags immediately after harvesting in the sea, and then dried in
the sun. The idea behind this technique was that the water evaporated from the seaweed would
rinse the seaweed in the bag. The sample collected from the entrepreneur was finely ground into
a powdered form by the entrepreneur. Dried samples were transported in sealed packaging to the
University of South Florida’s laboratory facilities. All samples were dried at 65°C for 24 hours,
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stored in a desiccator, ground by mortar and pestle, and then homogenized using a ball mill for
about 1 hour prior to acid digestion for heavy metal analysis.
3.2.2 Analytical Procedure
Sample preparation and analysis were done at the Center for Geochemical Analysis
Plasma Instrument Laboratory in the Department of Geology at the University of South Florida
(USF) following the Peat Core Digestion procedure. Teflon vials were soaked in a 1:1 HCl to
deionized (DI) solution overnight and then rinsed with DI water. They were then placed in a 1:1
HNO3 solution of ACS Plus Grade (Fisher Scientific) and heated on a hot plate at 135°C for 2
hours. Teflon vials were then rinsed with DI and dried. Each sample was weighed and placed in
separate Teflon containers. Standard reference materials of apple leaves, NIST 1515, and spinach
leaves, NIST 1570a, were used to check the accuracy of the analysis as purchase of an NIST
seaweed sample such as a Wakame or Kelp sample was not possible during the timeframe of this
research. 0.2 g of the standard reference material and 0.1 g of the seaweed samples were
processed, as well as a blank with 0.2 ml of DI water. Each sample was placed in a cleaned
Teflon container. 5 mL of 65-70% Trace Metal Grade HNO3 (Fisher Scientific) was added, and
the mixture was left to digest in the Teflon container at 130° C for 3 hours on a hot plate in the
fume hood. The samples were then cooled to room temperature before adding 2 mL of 30% ACS
grade H2O2, after which they were digested for an additional 2 hours at 175° C. The temperature
was then reduced to 75°C, and samples were left to react for 12 hours. After this digestion
procedure, the samples were then dried on a hot plate until complete dryness which is determined
when the residue has minimal moisture. Using a digital pipette, 0.5 mL and 1 ml of HNO3 was
added to the seaweed samples and the NIST reference standards, respectively, and all were left to
react for an hour. The digested seaweed samples were transferred to a plastic vial and diluted up
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to 10 mL with DI water. The NIST reference standards and the blank were transferred to a plastic
vial and diluted up to 20 mL with DI water.
Analysis of As, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Zn were done on a Perkin-Elmer Elan
DRC II Quadrupole Inductively Coupled Plasma Mass Spectrometer. A calibration curve was
generated using aqueous standards that were 0.8 ppb, 4 ppb, 20 ppb, 40 ppb, 120 ppb for each
element.
3.2.3 Health Risk Assessment
An assessment of potential health risks from heavy metals associated with the
consumption of seaweed was conducted following guidelines from the Agency for Toxic
Substances and Disease Registry (ATSDR) (U.S. Dept. of Health and Human Services 2005,
Roleda et al. 2019). Generic body weight values for adults and children were collected from
ATSDR and used Exposure doses for body weights of 70 kg adults and 10 kg children, targeted
hazard quotient (THQ), and hazard indices (HI) for each seaweed sample were conducted.
Exposure doses for each heavy metal were estimated by the fish ingestion exposure dose
equation(U.S. Dept. of Health and Human Services 2005, Roleda et al. 2019):
𝑚𝑔
𝑚𝑔
𝑘𝑔
𝐶 [ ] × 𝐼𝑅 [
] × 𝐴𝐹[−] × 𝐸𝐹[−] × 𝐶𝐹 [10−6 𝑚𝑔 ]
𝑚𝑔
𝑘𝑔
𝑑𝑎𝑦
𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑑𝑜𝑠𝑒 [
]=
𝑘𝑔. 𝑑𝑎𝑦
𝐵𝑊[𝑘𝑔]

𝐸𝑞. 3.1

In Eq 3.1, C is the concentration of the individual element in the dried seaweed (mg
element/kg dry weight), IR is the ingestion rate (mg dried seaweed/day), AF is the bioavailability
factor (dimensionless), EF is the exposure factor (dimensionless), CF is the conversion factor (106

kg/mg), and BW is the body weight based off a standard 70 kg adult and 10 kg child according

to the U.S. Dept. of Health and Human Services (2005).
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PPCSL recommends soaking 1 oz. (28.3495 g) of dried seaweed in water overnight as seen
in Figure 3.1.

Figure 3. 1 Dried packaged Eucheuma isiforme in a local shop in Placencia, Belize. Photograph
taken by Estenia Ortiz Carabantes in June 2019.
Once this seaweed sits overnight, it can be boiled in the same water until the seaweed is
dissolved. The mixture then is left to cool and turns into a gelatinous form (Figure 3.2).

Figure 3. 2 Seaweed in a gelatinous form before it is placed in seaweed shakes. Photograph
taken by Estenia Ortiz Carabantes in June 2019.
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One teaspoon of this gelatinous seaweed is typically added to shakes, cuisines, and desserts
in Belize. One teaspoon of food gelatin weighs 3.08 g (Traditional Oven 2019). Assuming this
seaweed in gelatinous form has the same weight as food gelatin, an ingestion rate of 3080 mg of
dried seaweed/day was used for the health risk assessment. The AF was assumed a value of 1
which is the total amount of a substance that is ingested that enters the bloodstream (U.S. Dept. of
Health and Human Services 2005). The EF was also assumed to be 1 and is the daily exposure to
the contaminant. This study assumed seaweed was consumed daily.
The equation for THQ is as follows:
𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑑𝑜𝑠𝑒 [
𝑇𝐻𝑄 =

𝑅𝑓𝐷 [

𝑚𝑔
]
𝑘𝑔 𝑑𝑎𝑦

𝑚𝑔
]
𝑘𝑔 𝑑𝑎𝑦

𝐸𝑞. 3.2

where RfD is equal to the reference dose. These values were obtained from United States
Environmental Protection Agency 2018 Edition of the Drinking Water Standards and Health
Advisories Tables. HI is the summation of the THQ for all heavy metals present in the seaweed
and can be represented by the following equation:
𝐻𝐼 = ∑ 𝑇𝐻𝑄𝑖 𝐸𝑞. 3.3
where i refers to each individual heavy metal in the analyzed seaweed.
The arsenic concentrations that were found in this study represent total arsenic including
inorganic and organic species. Adverse health effects to humans mostly comes from inorganic
arsenic consumption (Almela et al. 2006). Previous studies have determined that some red algae
species may contain up to 4.15% inorganic arsenic such as in Palmaria spp. (Almela et al. 2006 ).
Therefore, 0.0415 was multiplied by the total arsenic concentration found to calculate exposure to
total inorganic arsenic in Eucheuma isiforme.
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Chapter 4: Results and Discussion
This chapter presents the results and discussion for the aforementioned research questions
and subsequent tasks to support the overall research goal. Section 4.1 delves into the interviews
conducted with seaweed farming stakeholders in Placencia to address RQ 1 Task 1a. Section 4.2
addresses RQ 1 Task 1b through the creation of a causal loop diagram informed by Task 1a and
the compiled literature. Sections 4.3 and 4.4 satisfy RQ2 Task 2a and 2b through the heavy metal
analysis and health risk assessment. Potential sources of heavy metals are discussed and their
impacts on the food-energy-water systems nexus.
4.1 Research Question 1: Task 1a and 1b Results
4.1.1 Interviews and Participant Observation
This section explores the FEWs nexus and impacts of seaweed farming on livelihoods
through observations, literature review, and semi-structured and informal interviews (see
Appendix B for questions). The seaweed production chain in southern Belize involves farming in
the marine environment around cayes, transporting harvested seaweed to the caye, rinsing with
fresh water, drying via sunlight, transporting from the cayes to the mainland, and packing for
sale as seen in Figure 4.1. For this research, the farming, rinsing, and drying occur at Little Water
Caye, and then the dried seaweed is transported back to Placencia in bulk where it is packaged
and sold at PPCSL. As seen in Figure 4.2, various value-added products can be made from dried
seaweed such as hair products, seaweed shakes, skincare products, and powdered seaweed.
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Figure 4. 1 The seaweed production chain in Placencia, Belize.

Figure 4. 2 Value-added products made in Placencia, Belize.
The main themes emerging from the coded interviews were seaweed’s role in food
security, energy requirements from traveling to the caye, production infrastructure, harvesting
and processing times, social, economic, and ecological relationships, environmental challenges,
and marketing challenges. These emerging themes are discussed next.
4.1.1.1 Food, Energy, and Water
All of the participants in this study indicated that seaweed has been used as a thickener in
porridge for many years in Belize. It is considered nutritious with many macro and
micronutrients, protein, and vitamins which makes it an attractive supplement to add to foods.
Information posted on the wall of the PPCSL shows that a serving size of 100 g of fresh seaweed
contains 2 g of protein, no cholesterol, 1 g of sugar, and percentage daily values of 45% for
folate, 25% riboflavin, 2% selenium, 15% zinc, 8% copper, 5% dietary fiber, and 3% sodium
(Appendix D provides a picture of the sign with the more extensive list of nutritional
information, as well as information for 100 g of fresh seaweed). PPCSL recommends taking one
ounce (28.3495 g) of dried seaweed and soaking it in water overnight. The seaweed can be then
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be boiled in the same water until it dissolves. Once cooled, the gel can be refrigerated in an
airtight container, and is good for about 3 months. One teaspoon of this gel can be then be added
to shakes and sauces as a thickener. Restaurants who serve seaweed shakes have indicated they
follow the same procedure recommended by PPCSL to add to their products.
Table 4. 1 Nutritional information of fresh and dried seaweed taken from signs posted at PPCSL.
Amount per serving (Serving
size: 100 g)
Calories
Total Fat
Saturated Fat
Trans Fat
Cholesterol
Sodium
Potassium
Total Carbohydrates
Dietary Fiber
Sugars
Protein
Vitamin A
Vitamin C
Calcium
Iron
Vitamin E
Vitamin K
Thiamin
Riboflavin
Niacin
Vitamin B6
Folate
Vitamin B12
Pantothenic Acid
Phosphorus
Magnesium
Zinc
Selenium
Copper
Manganese
Molybdenum

Dried seaweed

Fresh seaweed

240
1g
0g
0g
0 mg
330 mg
310 mg
61 g
6g
3g
8g
10%
25%
35%
250%
20%
30%
4%
140%
15%
15%
230%
8%
80%
180%
60%
4%
35%
90%
-

50
0g
0g
0g
0 mg
65 mg
65 mg
12 g
1g
1g
2g
2%
6%
8%
50%
4%
6%
2%
25%
2%
4%
45%
0%
2%
15%
35%
15%
2%
8%
20%
6%
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According to the restaurants, one pound (453.592 g) of dried seaweed can make about 5
gallons (18.9271 L) of shakes. Each week a restaurant can use about one-fourth of a pound of
seaweed and create one gallon that would last the entire week. Restaurants indicated that the
seaweed alone is generally bland, therefore, they add other ingredients to it such as condensed
milk, nutmeg, and cinnamon to add flavor. The seaweed that is used by the restaurants is
purchased from the cooperative. The price of one pound (453.592 g) of dried seaweed at the
cooperative is $30 BZD ($15 USD), and the price of a shake is around $9 BZD ($4.50 USD).
Hence, assuming a shake of 8 oz (0.236588 L), $30 BZD ($15 USD) worth of dried seaweed can
potentially earn $720 BZD ($360 USD) worth of shakes (i.e. 80 8 oz shakes at $9 BZD/shake).
To help expand the market with more effective packaging for storage and reduce the amount of
time it takes to process the seaweed once purchased from PPCSL, entrepreneurs are innovating
new ways to sell the seaweed by converting it into a dry powder. According to the entrepreneur
who sells the product, those who buy the powdered product have primarily used it for
applications in food, but it can be used in other applications like making hand sanitizer.
Before the dried seaweed is sold at the PPCSL, it must undergo several processes. Once
the seaweed is cultivated from the farms at Little Water Caye, it is rinsed in freshwater tanks.
One 55 gallon tank rinses about 20 pounds (9071.85 g) of dried seaweed. It can be left to soak
overnight, or if it is done during the day, it is left to soak for about 6 hours. After soaking, the
water is discarded because it begins to ferment. During the rainy season, rainwater is collected
through a rainwater harvesting system on the caye. In the dry season, freshwater is shipped from
Placencia to Little Water Caye in 55 gallon containers. About 3.5 containers can be placed on the
boat per trip and this rinses about 75 pounds of dried seaweed. When the dried seaweed sample
from 2015 was collected, a shallow groundwater well was being used to rinse the seaweed.
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Concerns raised then around the well water quality, especially since the drain field of the septic
system was in close proximity to this well, led to that sample being left in a plastic bag in the sun
immediately after harvesting. The idea being that water evaporated from the seaweed would drip
back down and wash it, and the salt would collect at the bottom of the bag eventually.

Figure 4. 3 Seaweed on sale at a local store in Placencia, sold in 4 ounces, 8 ounces, and 16
ounces. Photograph taken by Maya Trotz in June 2019.

52

Average Monthly Rainfall (mm)

600
500
400
300
200
100
0

Figure 4. 4 Average monthly rainfall data for Placencia 05/2019-05/2020. Data obtained from
World Weather Online.
Belize experiences variation in average monthly rainfall as illustrated in Figure 4.4.
January to June marks the dry season in Placencia, Belize and July to December being the rainy
season with a short dry season in November and December 2019 (Southern Environmental
Association 2015). Hurricane season is between June and the end of November and is where the
highest rainfall occurs (Southern Environmental Association 2015).
In terms of transportation, the number of trips taken to the farms was a function of
seaweed harvesting time (every 3 to 3 ½ months), operation and maintenance of the farms, and
the quantity of freshwater needed to satisfy freshwater requirements on the caye during the dry
season. To address fuel costs, some seaweed farmers spend more time at Little Water Caye,
maintaining, and harvesting from the farms. One seaweed farmer said he visits the farm about
twice a month and spends about 10 days there. He said, “We extend our days so that it doesn’t
cost us to be back and forth. We invest a little bit more in food and then we catch a lot of fish to
supplement with our food to cut the gas cost.” Fuel costs are generally covered by the
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cooperative and depend on the boat used. In general, the boats in Placencia have double stroke
engines that run on diesel which is currently $7.279 BZD/gallon ($3.623 USD/gallon); gasoline
is $10.921 BZD/gallon ($5.432 USD/gallon) (Global Petrol Prices 2020). A round trip to Little
Water Caye would cost roughly $ 300 BZD ($ 150 USD) in fuel, and in many cases 2 round trips
are needed if the seaweed farmers is depending on a boat that will not stay at the farm overnight,
but would return to pick up at the end of the harvest.
4.1.1.2 Production Infrastructure
Seaweed farms at Little Water Caye follow the floating lines technique as mentioned in
Valderrama et al. (2015). Plastic bottles are used to float the lines closer to the surface as
Eucheuma isiforme grows better with more access to sunlight. These are placed over sandy
bottom with good water flow. Currently, the farms use polyvinyl chloride (PVC) pipes as the raft
frame. The farm has previously experimented with using bamboo as the raft frame to be more
sustainable, however the workload increased due to maintenance needed when using this
material. According to the seaweed farmer who has tried this technique, they have to harvest the
bamboo at the right time and cut it in the correct manner to reduce the deterioration rate.
Unfortunately, parasites became an issue associated with the bamboo as the holes they drill in the
bamboo makes it waterlogged, and once the seaweed reaches a certain size, the entire frame
collapses. While the bamboo can be sourced locally to replace the degraded or damaged frames,
locally sold imported PVC pipes have lower maintenance costs and require less effort to
maintain as they do not degrade as fast. The ropes used for this farm are one eighth inch nylon
rope for the drop lines on which the seaweed is grown. When planting a new farm, the rope is
opened, and approximately 3 inches (0.0762 m) of seaweed is placed in between, and this is done
in one-foot (0.3408 m) increments. A single line of rope planted with seaweed can yield about
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30 pounds of seaweed (Hewitt, 2017). When harvesting, approximately 3 inches of seaweed is
left on the rope. Quarter inch (diameter) plastic nylon rope is used to anchor the floating
seaweed to 2 square feet concrete slabs of 2 inch thickness.
The rainwater harvesting system on Little Water Caye can be seen in Figure 4.6 This is a
4 acre caye owned and managed by the Southern Environment Association (SEA). It features a
custodian home, an activity building previously installed by Projects Abroad, and a permanent
ranger facility with accommodation for 15 visitors on the second floor of dimensions ~ 40 ft x 30
ft. Flush toilets are also available on the second floor, as is a latrine situated closer to the water’s
edge. For rinsing of the seaweed, 55 gallon containers are used; some can be seen in Figure 4.6B.
Some of these containers do not have covers, and this can lead to potential exposure to
contaminants from atmospheric deposition; trash is sometimes burned on the caye. Figure 4.7
shows the rainwater harvesting system in 2015 with one less tank installed than today and
indicates the location of the shallow groundwater well that is used to flush toilets.

Figure 4. 5 Eucheuma isiforme at different stages of growth on nylon ropes at Little Water Caye,
Belize. Photograph taken by Atte Penttila in June 2019.
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Figure 4. 6 The rainwater collection system at Little Water Caye. A) Rainwater storage tanks
located near the facilities building. B) Tanks near the seaweed processing area. Photographs
taken by Maya Trotz in June 2019.

Figure 4. 7 The rainwater collection system at Little Water Caye in 2015. This shows the ranger
and visitor facility, and the pipes from the toilet leading to the new onsite wastewater treatment
system. A shallow groundwater well is located slightly near the facilities. Photograph taken by
Maya Trotz in August 2015.
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Figure 4. 8 Drying seaweed pictured on drying tables at Little Water Caye. Photograph taken by
Maya Trotz in August 2015.

Figure 4. 9 Seaweed packed into large rice bags transported from Little Water Caye to the
PPCSL. Photograph taken by Maya Trotz in August 2015.
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After rinsing, the seaweed is left to dry on uncovered drying tables for 24 to 48 hours
(Figure 4.8). If it rains, the seaweed is brought inside to prevent it from turning into mush. Once
dried, the seaweed is packed into large rice bags for transport to the PPCSL (Figure 4.9).
Standard blenders and grinders are used to turn the dried raw seaweed into a powdered form.
The uncovered rainwater collection containers and drying tables pose concerns for heavy
metal and microbial contamination. Moreover, due to the proximity of the onsite wastewater
treatment system to the shallow groundwater well, assessing water quality would be essential to
ensure onsite freshwater sources are suitable for consumption. Future research can investigate
the water quality of these onsite sources and work to improve the onsite wastewater system if
issues arise. Because seaweed has an excellent absorption capacity for heavy metals and
nutrients, it could potentially be used to remove any impurities in the water or wastewater.
Nitrogen leaching from poorly maintained onsite wastewater systems has been an issue
(Rodriguez- Gonzalez et al. 2019) and can lead to contamination of socioeconomically and
ecologically important coastal environments. Residual seaweed used for this process could be
converted to a value-added product such as biofuel for boats. Future research can determine how
much seaweed would be needed to convert into fuel, what equipment is needed, what are the
economic, social and environmental tradeoffs, and the kind of boats that would be well suited for
this.
4.1.1.3 Harvesting and Processing Times
Harvesting of Eucheuma isiforme occurs every 3 to 3 ½ months. Rinsing of the seaweed
after it has been harvested takes approximately 6 hours or can be left overnight. Drying the
seaweed takes approximately 24 to 48 hours and the seaweed changes color from golden yellow
to white and then back again to golden yellow. Travel to Placencia from Little Water Cayes takes
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approximately an hour by boat. The production time of seaweed powder depends on the quantity
of seaweed to be produced. This is done by a local entrepreneur whose drying process in a
dehydrator takes about 3 to 4 hours.
4.1.1.4 Livelihoods: Social, Economic and Ecological Relationships
A component of the seaweed farms is its biodiversity. When seaweed is harvested, a
portion of the macroalgae is left over at the farm for the next planting cycle and to keep the
nursery function of the farms. Seaweeds with multiple nodes are usually good candidates for the
next planting cycle and the general rule of thumb is to leave 25% of the seaweed on the lines.
The interviewed seaweed farmer described the farm as “a whole active environmental soup”
because of its abundance of marine life. He exclaimed, “The seaweed actually is a natural
nursery in the wild, and we find that even at our farm there are a cluster of crustaceans like
lobster, shrimp, and cleaning crab, decorative crab and lots of juvenile fishes, snappers, groupers,
parrot fish.” He also shared that in the reef adjacent to the farm many packs of juvenile lobsters
migrate from the farm to the reef. Sometimes when the seaweed is harvested, small crabs are
found and individually removed, though they are usually removed prior to returning to Little
Water Caye and put back in the sea. There have been discussions about potentially harvesting the
crabs for economic purposes.
Seaweed farming has been described as “a big cycle of benefits” because of the
restoration of fish populations in the region. According to the seaweed farmer interviewed, many
tour guides and fly fishers visit the seaweed farms because of the large congregation of permit
and bone fish around the farms, and both of those represent very lucrative tourism markets. The
annual harvest for seaweed itself is about 28-31,000 pounds (12,700,586 – 14,061,363 g) of wet
seaweed which translates to 3.5-4,000 pounds (1,587,573- 1,814,369 g) of dried seaweed. Export
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accounts for 15% of total sales for the seaweed farmers. Moreover, adding more value to dried
raw seaweed (e.g. the shakes described in section 4.1.1) provides opportunities for innovation
and employment in Placencia which in turn, further expands the market and supports the
seaweed farming endeavor.
There is a growing interest to use seaweed as an alternative to various types of products
that may not be readily available in certain regions. For example, Placencia seaweed powder has
been experimented with to be used as a vegan version of gelatin. Other users have also used it in
jams and jellies to substitute for pectin and have noted that it sped the jelling process. Those who
have used this product often are entrepreneurs themselves as well. It was mentioned that a
woman in Belize in 2018 had used seaweed in soaps. This application for cosmetics is growing
in Belize with local businesses like IKOOMA using the farmed seaweed for natural hair care
products specifically for curly hair. Angel Lisa is another seaweed derived product that is used
for skincare. The versatility of seaweed allows it to be used for a multitude of applications and
provides many avenues for sustainable socioeconomic development.
On heritage, one of the long-term seaweed farmers in Placencia shared that he used to
harvest seaweed from the wild with his father when he was young and they would collect, dry,
and sell it:
“He used to make us scatter, break it [seaweed] up and scatter it and then we would go
back and harvest those same ones that were scattered. We realized that is grew very fast. And
then it was not organized. We decided to try to organize and then we had Dr. Smith from St.
Kitts that came over and shared his knowledge with cultivation with us and then we just took it
another step.”
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As mentioned previously, almost all the interviewees shared that seaweed has been added
to porridge for years showing the cultural importance of this food. Most of the seaweed is
purchased by local restaurants or foreign entities in bulk however, locals in the community also
purchase raw dried seaweed and add it to their favorite cuisine or breakfast smoothie.
There is also active effort within PPCSL and TNC to train women who are interested in
seaweed farming. In one of the interviews conducted in this study, the interviewed seaweed
farmer shared that he had just came back from a seaweed farm training in Dangriga where 24
females from all over Belize came to learn about cultivation, construction of a raft, setting up
anchors, and deploying the seaweed farm into the ocean. The women who were trained
beforehand unfortunately, lost their seaweed farm due to pirating but are looking to establish one
at a different caye. In summer 2019, the Women’s Seaweed Farmers Association was established
so that working women have the opportunity to generate an additional source of income through
seaweed farming and support for market products like seaweed soap. Currently, the Women’s
Seaweed Farmers Association has a seed bank at Hatchet Caye.
4.1.1.5 Environmental and Marketing Challenges
Interviewees shared several challenges faced by the seaweed farming endeavor in
Placencia. One of the main challenges confronted at the seaweed farms was the seasonal
presence of “ice-ice” disease, a condition where the seaweed disintegrates at its base because of a
pathogenic bacterium that is induced by changes in ocean temperature, salinity, and sunlight
exposure (Largo et al., 1995). To combat that, seaweed farmers have had to harvest the seaweed
before the change from cooler weather to warmer weather.
In terms of advertising and marketing, the seaweed farmer interviewed shared, “We have
the dry material, but then a lot of people don’t know how to use it, and that’s one of the biggest
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situations we find. They see it and they want it, but they don’t know how to take it to the next
level.” These sentiments were shared by another interviewee who noticed a surplus of dried raw
seaweed at the cooperative, and said, “I feel like a lot of people don’t know what to do with it or
they don’t know how to use it.” Because of this, seaweed powder was made to be more
accessible and usable by the consumer. Expansion of seaweed value-add products can help with
marketing of seaweed farming in Placencia, and hiring someone at the cooperative to help with
sales can also assist with this issue. Discussions are underway on these issues, and considerations
are being made on whether they should turn the office into a shop for seaweed products. Future
research can consider what a seaweed value-addition innovation space may require in terms of
equipment, management, and staff. It has been brought up in the interviews that some value-add
products require a clean room (cosmetics). Therefore, future research could consider the needs of
various value-add producers and design an innovation space where community members can
create their products and educate others on seaweed in Belize.
4.1.2 Systems Thinking Approach
A systems thinking approach was used to understand challenges at the food-energy-water
nexus around seaweed farming, and how that affects local livelihoods in Placencia, Belize.
Figure 4.10 depicts the initial causal loop diagram (CLD) created with the STRONG Coasts
cohort in the summer semester in 2019 immediately after a two-week field excursion to
Placencia. The food feedback loop shows a reinforcing loop where the seaweed farms contribute
towards the availability of nurseries. This in turn provides habitats for many marine organisms
and repopulates depleting fish stock in the area. With fish availability follows local nutritious
options which contributes to food security. It is thought that this food security exhibited by the
establishment of the seaweed farms is a factor that drives the demand for seaweed in Placencia.
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With demand for seaweed comes processing requirements. As indicated by the blue arrows,
freshwater requirements depend on the amount of dried seaweed in demand. Freshwater needs on
the caye can be satisfied either through available freshwater at the caye (i.e. rainwater
harvesting) or through shipping freshwater from the mainland. However, the amount of
freshwater shipped from the mainland depends on how much water is available on the caye to
satisfy demand. This takes precedent as it would require less time and costs. As discussed in the
interviews, freshwater may need to be transported especially during the dry season. In this case,
fuel costs would play a role in meeting freshwater demands. This CLD shows that fuel costs can
affect the seaweed farming industry by raising the cost of dried seaweed to consumers in order to
cover these expenses. Sales of dried seaweed would then be influenced by this change which will
cause a change in the quantity of dried seaweed processed at the caye. If the costs increase, then
the sales of dried seaweed would likely decrease as will the amount of dried seaweed processed
as there will be little incentive to process the seaweed. This would ultimately reduce fuel costs.

Figure 4. 10 Preliminary CLD created after the field course in Summer 2019. Green arrows
depict food components, blue arrows depict water components, and the red arrows depict energy
components.
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However, the growth in value addition of seaweed, expansion into international markets,
and funding assistance from domestic and international organizations also plays a role in this
system. Based on field notes interviews, and the literature we found that international and
domestic markets influence the demand for seaweed in Placencia, Belize. Figure 4.11 illustrates
these interactions from income generation to processing the seaweed and the requirements
needed. In this CLD, processed seaweed refers to dried raw seaweed. Gaps in this system are
synonymous with the term “need” that was depicted in Figure 4.10. This terminology was used
to keep consistent with the stocks and flows in this system.
Literature, interviews, and participant observation data was used to inform this CLD.
There are several factors that influence harvesting rate that require more in-depth interviews.
Farmers’ personal incentive threshold is one of those variables that requires more analysis. These
incentives can be social or cultural and can be attractive up to a certain point. Whether it is the
amount of labor or time out in the ocean, highlighting that certain point would be useful in
improving harvesting rates if that is of interest in the future. Income generation from seaweed is
another factor that influences harvesting rates. If the endeavor is profitable, this will influence a
positive reaction for harvesting rates.
The harvesting rates in this system diminishes the stock of seaweed at the farms and
increases the harvested seaweed on the caye. From there, the processing rate diminishes the
harvested seaweed and increases the processed seaweed at the caye. The processing rate is a
function of freshwater demand and the freshwater gap. This feedback loop is similar to the water
component in Figure 4.10 where the freshwater supply can either close this gap or increase it. If
the freshwater demand increases and consequently, the freshwater gap increases and the
freshwater supply is not enough to close the gap, then processing rates would decrease. As the
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transportation rate increases, it reduces the processed seaweed at the caye and increases the
seaweed at the market. This rate is a function of fuel demand and fuel gap.

Figure 4. 11 Final CLD developed for this research depicting FEWs components and their
relationship with the seaweed value chain.
The fuel gap can be satisfied by the available fuel supply which is dependent on the cost
of fuel. Overall costs of fuel would depend on the transportation rate. PPSCL generally covers
fuel expenses for farmers traveling to their partnered farms. With the increase of processed
seaweed at the market, the gap of seaweed at the market exhibits opposite behavior and it
decreases. However, the aggregate demand for processed seaweed from international and
domestic markets can increase the gap of processed seaweed at the market. Consequently, there
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would be sales of processed seaweed that would drive income generation. Not only will this
income generation drive harvesting rates for the farmers but it will also drive local market
demand with value-added products such as seaweed powder, shakes, hair products, and
cosmetics.
Seaweed farm expansion depends on income generation from the farmers to fund the
initial phases of the farm and it is also dependent on grants and subsidies from conservation
organizations. The market for seaweed in Belize is generally new therefore, the income
generation variable experiences a time delay as it relates to influencing seaweed farm expansion
rate. This then influences the stock of farmed seaweed at the farm which drives the number of
nurseries available for fish. These variables are important and attractive factors that allow the
seaweed farming industry to secure funds and partnerships from conservation and development
organizations.
Moreover, seaweed quality is a factor that can potentially influence marketability of the
product and hence, is an underlying factor in this CLD. With the new project with TNC Belize
on seaweed intensification, ensuring a quality product is a key objective for the project and is
crucial to attract competitive markets. Most importantly, seaweed is a traditional food product
for many locals and with changing climates, environmental degradation, and expanding tourism,
it is crucial to understand any potential health risks in coastal communities. Sources of heavy
metal contamination were not possible to identify in this study however, it is a research area for
future endeavors.
4.1.3 Intersections with Environmental Engineering
It can be seen from the field notes, interviews, and the CLDs that addressing freshwater
requirements on the caye is a major leverage point and area of intersection with environmental
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engineering. A conversation with TNC Belize revealed that there is still a need for sustainable
freshwater provisioning and water quality is a concern. Therefore, environmental engineering
can play a role in characterizing and evaluating the rainwater harvesting system, and its
efficiency to meet demand for the seaweed processing. A point brought up in the informal
interviews was that the seaweed farming sector was considering seaweed tourism where tourists
could visit the seaweed farms. While currently the flush toilets at the facility are rarely used (a
pit latrine on the caye is the major source of activity), considerations should be made on the
efficacy of the onsite wastewater treatment system and its water requirements at Little Water
Caye.
Conversations with the private seaweed production enterprise also revealed concerns with
the onsite wastewater treatment system at their cayes. Kalivoda (2017) assessed and modeled the
efficiency of decentralized resource recovery systems at Little Water Caye, Laughing Bird Caye,
and Silk Caye. The author found that the efficiency of these systems needs improvement as high
concentrations of nitrogen are entering the surrounding marine environment as ammonia and
nitrate (Kalivoda 2017). Furthermore, onsite wastewater treatment systems are also susceptible
to leaching viruses and pathogens that can contaminate groundwater and surface waters
(Scandura et al. 1997). Therefore, a microbial risk assessment on seaweed would be beneficial to
understand impacts from the onsite wastewater system and pit latrines at the cayes where
seaweed farming is practiced.
The need for fuel is another major leverage point in this system and consideration for
prospective seaweed farmers. Intersections with environmental engineering include analyzing the
feasibility of using locally cultivated seaweed, in this case Eucheuma isiforme, Gracilaria spp.,
or some less valuable species, for biofuel after it has been used for nitrogen management in the
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wastewater treatment system at the cayes. As stated previously, nitrogen management is an area
in need of improvement for the onsite wastewater system at the cayes. Previous studies have
shown its use in wastewater and aquaculture effluent; assimilating nitrate up to 95% and
ammonia up to 100% (Haglund and Lindstrom 1995,Marinho-Soriano et al. 2011, Cole et al.
2016). Literature has shown that seaweed is a promising biofuel material as it is does not require
land space and mainly consists of carbohydrates that are essential for biofuel production (Chen et
al. 2015). Therefore, investigation into Eucheuma isiforme and Gracilaria spp. potential for
biofuel production from onsite wastewater nitrogen management can be an avenue to address
fuel challenges.
Lastly, another point of intersection with environmental engineering is the design of a
“seaweed hub”. Interviewees mentioned that there have been discussions on potentially
converting the cooperative office into a seaweed shop or hub where farmers can sell their
seaweed, and entrepreneurs can sell their value-added products. This can help stimulate the local
economy by having a central point to buy seaweed products. Design considerations should
account for the infrastructure, equipment, management, operation, and maintenance required for
the various applications of value add products. For example, seaweed cosmetics require a clean
room therefore, research can look to incorporate these factors into the design of this space.
4.2 Research Question 2: Task 2a and 2b Results
4.2.1 Heavy Metals Analysis
Table 4.2 shows the analytical results for the two certified reference materials NIST 1515
and NIST 1570a which were apple and spinach leaves, respectively. Analysis of these reference
materials serve to validate the calibration used by the instrument, and therefore the results.
Certified values were obtained from the NIST webpage. Differences between actual and
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measured loadings of NIST 1515 for Cr, Ni, Cu, Zn, Cd, Hg, and Pb were -2%, -24%, -26%, 29%, -30%, -47%, and -56% respectively. For NIST 1570a, the differences for Ni, Cu, Zn, As,
Se, Cd, Hg, and Pb were -24%, -19%, -25%, 30%, 267%, -13%, -63%, and -35% respectively.
For Se, Hg, and Pb, the differences between the certified and measured values is greater than
35% or greater, whereas for the rest of analytes the values are more acceptable with Cr showing
the lowest difference at 2% for apple leaves.
The NIST reference standards represent freshwater grown materials, apple and spinach
leaves, that may have different functional groups and structures when compared with seaweed
like carrageen content. It is possible that the digestion methods used better recovered metals
from the apple and spinach leaves versus the seaweed due to those compositional differences. It
is also possible that the seaweed samples were not completely dried, and therefore the measured
metal loadings were higher. COVID-19 prevented resolution this discrepancy. Also, given that a
seaweed reference standard was not obtained, and analyzed for this research, the data provided in
Table 4.2 serve as a warning that the metal loadings in the seaweed samples analyzed may be
inaccurate, in most cases being lower than the actual values by between 13 and 30 percent; Cr
being the only metal with under a 5% difference between the given and measured values.
Table 4.3 summarizes the loadings on dried seaweed purchased or obtained in Placencia,
Belize, as μg/g, for Cr, Ni, Cu, Zn, As, Se, Cd, Hg, and Pb, and Figure 4.12 plots these results.
Of the 9 metals tested, zinc loadings were highest in all three seaweed samples tested. Levels of
zinc for the Little Water Caye samples that were not rinsed with harvested rainwater were found
to be 4.21±0.032 μg/g while samples at the local market and the cooperative that were rinsed
with harvested rainwater were 10.28±2.36 and 9.19±0.030 μg/g respectively. This same behavior
is also seen with copper where values in the seaweed sample from 2015 was lower at 0.675 ±
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0.031 μg/g while copper concentrations in the rinsed seaweed from the local market and the
cooperative were 0.970 ± 0.037 and 0.716 ± 0.005 μg/g, respectively.
Table 4. 2 Standard reference material comparison between certified values and analytical
measurements (ug g-1).
Metal

NIST 1515 (μg/g)
Certified

Measured

Cr

0.3

0.294 ± 0.0197

Ni

0.936 ± 0.094

Cu

%
diff

NIST 1570a (μg/g)

%
diff

Certified

Measured

-2

N.A.

1.46 ± 0.193

0.706 ± 0.0156

-24

2.14 ± 0.1

1.628 ± 0.213

-24

5.69 ± 0.13

4.22 ± 0.0168

-26

12.22 ± 0.86

9.94 ± 1.25

-19

Zn

12.45 ± 0.43

8.84 ± 0.108

-29

82.3 ± 3.9

61.7 ± 7.41

-25

As

N.A.

0.606 ± 0.0723

0.068 ±
0.012

0.0887 ±
0.00751

30

Se

N.A.

9.75 ± 1.29

0.1152 ±
0.0043

0.423 ± 0.0366

+267

Cd

0.0132 ± 0.0015 0.00916 ± 0.002

-30

2.89 ± 0.07

2.505 ± 0.466

-13

Hg

0.0432 ± 0.0023

0.023 ± 0.0102

-47

0.0297 ±
0.0021

0.0108 ±
0.00195

-63

Pb

0.470 ± 0.024

0.209 ± 0.031

-56

0.2

0.131 ± 0.0211

-35

Both samples collected from the local market and the cooperative went through the same
production process (i.e. harvest, rinsed, dried, transported, and packaged). The sample collected
from Little Water Caye was not rinsed in the rainwater harvesting system, and this sample
showed the lowest levels of Zn, Cu, and Pb. It is possible that the higher levels of zinc, copper,
and lead in the rinsed seaweed versus the unrinsed seaweed could be indicative of the roofing
material or collection tank system that could be contributing metals during the collected
rainwater harvesting process as is discussed in the following paragraph. Given the lower values
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obtained for NIST reference standards than expected for the majority of the metals tested, it is
expected that the data reported in Table 4.3 may be greater than what was found through this
analysis.
Table 4. 3 Average concentrations (μg g-1 or ppm) and standard deviations of selected elements
in seaweed samples.
Elements

EVAP_Raw (n=3)
RWH_Raw (n=3)
RWH_VAP (n=2)
Cr
1.24±0.492
1.59±0.067
0.918±0.097
Ni
0.776±0.307
0.861±0.046
0.535±0.174
Cu
0.675±0.031
0.970±0.037
0.716±0.005
Zn
4.21±0.032
10.28±2.36
9.19±0.030
As
3.87±0.071
3.97±0.179
4.49±0.003
Se*
0.371±0.067
0.363±0.041
0.637±0.168
Cd
0.386±0.007
0.350±0.008
0.314±0.004
Hg*
<0.000
0.001±0.001
0.004±0.001
Pb*
0.083±0.004
0.132±0.032
0.327±0.048
*greater than 35% difference obtained between expected and measured values for NIST reference
materials.

Figure 4. 12 Concentrations of heavy metals in dried Eucheuma isiforme in g/g.
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RWH_VAP is the seaweed sample converted into a value-added product and was rinsed
in the rainwater harvesting system. EVAP_Raw is the dried raw seaweed sample that was rinsed
by evaporation. RWH_Raw is the dried raw seaweed samples that was rinsed in the rainwater
harvesting system.
Water quality in rainwater harvesting (RWH) systems is of great importance given the
increasing scarcity of freshwater sources at Little Water Caye, plus the ability of the RWH
system to provide freshwater for rinsing seaweed, drinking water or other household needs.
Previous studies have investigated chemicals and heavy metals in rainwater harvesting systems
and their potential sources (Omisca 2010, Mendez 2010, De Kwaadsteniet 2013, Clark et al.
2008, Hamilton et al. 2019). Clark et al. (2008) analyzed the contributions of roofing materials
on stormwater runoff quality in urbanized watersheds through laboratory testing, and a 2-year
pilot scale field study, and found zinc release from uncoated galvanized metals and copper from
treated woods in the early stages of the materials’ lifespan. Furthermore, they found that
pollutant release from these materials still exists after 60 years (Clark et al. 2008). Other studies
such as Chang et al. (2004) assessed runoff quality for four commonly used roofing materials
(wood shingle, composition shingle, painted aluminum, and galvanized iron) and found zinc
levels increased as rainwater contacted various types of roofs. Given the higher concentrations of
zinc and copper found in the washed seaweed and the fact that the seaweed is left to soak in the
rainwater harvesting tanks overnight, harvested rainwater could be a potential source of the
higher concentrations. The roof where the catchment system is situated is said to be made out of
zinc, however, no water samples were collected during the field visit to Belize.
Another potential source of heavy metal contamination can be leaching from paint on
boats that traverse or dock close to the seaweed farms. Transportation by boats is required to get
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to the seaweed farms as Little Water Caye is located 19 miles off the coast of Placencia Village.
A recent study by Egardt et al. (2018) investigated the release of polycyclic aromatic
hydrocarbons (PAHs) and heavy metals in coastal environments and found a link to leisure
boats. This study was conducted along the Swedish west coast where heavy metal and PAH
concentrations in the water column were collected in natural harbors, leisure boat waterways,
and small marinas. Concentrations for zinc in the marine environment in the marine were found
to peak during tourist season at almost 2 g/ L (0.002 ppm) compared with a post tourist season
concentration of 12 g/L (0.012 ppm). Copper levels post tourist season were 5 g/L (0.005
ppm) while peak levels were 0.5 g/L (0.0005 ppm). Biofouling on the boats could influence
metal concentrations during the peak season as the algae can uptake these metals (Egardt et al.
2018) however, oceanic spatial and temporal variations can also influence the dispersion of
heavy metals in the marine environment (Liu et al. 2017).
In relation to previous studies on heavy metal uptake by the genera Eucheuma and the
species Eucheuma isiforme, the values obtained in this study are on the lower end. Robledo and
Pelegrin (1997) assessed the chemical and mineral composition of six edible species including
Eucheuma isiforme found on the Yucatán peninsula in the spring of 1994. It is the only study
that investigates this species in particular. They found chromium, copper, zinc, and lead at 2.30,
2.87, 5.45, and 34.23 g/g (ppm), respectively. In our study Cr, Cu, and Pb were lower for all 3
locations, whereas Zn was higher for two locations. These disparities can be due to location as
seaweed samples collected in our study come from seaweed farms in a likely less densely visited
marine reserve.
In comparison to other species of Eucheuma, our study had lower levels of heavy metals.
Obtained copper values were slightly higher than those found in Matajun et al. (2008)’s study on
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Eucheuma cottonii with our values at an average of 0.787 ppm dry weight and theirs at 0.3 ppm
dry weight. Matajun et al. (2008) and Krishnaiah et al. (2008) found higher zinc concentrations
in Eucheuma cottonii and Eucheuma denticulatum, respectively. Arsenic concentrations were
similar in Eucheuma isiforme at an average of 4.11 ppm dry weight compared to studies
conducted on Eucheuma cottonii (3.9 ± 0.002 ppm) and Eucheuma denticulatum (approximately
39 ppm dry weight) (Chang and Teo 2016, Krishnaiah et al. 2008). Cadmium concentrations
were slightly higher at approximately 0.35 ppm dry weight in our Eucheuma isiforme samples
than Eucheuma denticulatum ( <0.1 ppm dry weight) studied by Krishnaiah et al. (2008).
Chromium, lead, and selenium concentrations were lower in Eucheuma isiforme than in
Eucheuma denticulatum and Eucheuma cottonii (Matanjun et al. 2009, Krishnaiah et al. 2008),
however the errors associated with this study’s lead and selenium measurements were great.
Nickel and mercury concentrations were not measured in any of the Eucheuma studies, but from
this research we found nickel concentrations at an average of 0.724 ppm dry weight and mercury
at almost undetectable levels.
Differences were observed among the various sample locations and forms of seaweed in
this study. The powdered samples showed higher levels of selenium and lead than those samples
in the raw dried seaweed form at concentrations of 0.637 ± 0.168 and 0.327 ± 0.048 ppm dry
weight, respectively. Keeping in mind significant differences in NIST reference standard
measurements for these two elements, these values should not be taken as accurate. Instead, the
differences amongst them may indicate different processing mechanisms and their impacts on
the levels of heavy metals in the analyzed seaweed. Cross contamination from the grinder used to
break the seaweed into powdered form could be the reason for the slightly higher levels of
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selenium and lead however, further sample analysis would need to be done for statistical
significance, and confidence in the measured values.

Figure 4. 13 Concentrations of heavy metals in Eucheuma spp. for various countries listed in the
literature. Values presented were based on the average of all sites in the studies including this
study. Values for Krishnaiah et al. 2008 for Cu, Cd, and Cr were below 4 g/g, 0.1 g/g, and 6
g/g, respectively and therefore, were not displayed in the figure above.
4.2.2 Health Risk Assessment
The calculated exposure dose from ingestion of seaweed is shown in Table 4.4. The
calculated target hazard quotient (THQ) and hazard index (HI) are measures of health risk for noncarcinogenic chemicals. Values indicated are mean exposure doses and HI values <1.0 show that
the expected health risk is minimal. The recommended reference dose (RfD) values were collected
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from the United States Environmental Protection Agency 2018 Edition of the Drinking Water
Standards and Health Advisories Tables (US EPA 2018).
Considering a consumption of 3.08 g of gelatinous seaweed per day and the average
concentration values found from the heavy metal analysis, the exposure dose for a single heavy
metal may not exceed 0.000452 mg/kg/day (0.452 g /kg/ day) for a 70 kg adult and 0.00317
mg/kg/day (3.17 g /kg/day) for a 10 kg child. The highest values for zinc was found in the sample
labeled RWH_Raw collected from the local market. The HI is the sum of all the heavy metals to
determine the accumulated exposure to all metals by consuming seaweed. The HI was found to be
below 1.0 for all sample sites indicating that heavy metal intoxication from consuming Eucheuma
isiforme is minimal. However, it is to be noted that proportion of inorganic arsenic in the Eucheuma
isiforme species has not been investigated and could play a factor in the resulting HI values.
Furthermore, in the absence of Belizean seaweed consumption data, a conservative estimate of
3080 mg/person/day was used assuming Belizeans are consuming seaweed daily. In actuality, this
value may be lower and an exposure assessment needs to be performed.
Example calculations follow. The average value for zinc for the RWH_VAP sample which
is 9.19 mg/kg (9.19 g/g) was multiplied by the ingestion rate of 3080 mg/day. This was then
multiplied by a conversion factor (10-6 kg/mg) and divided by the respective body weight of
interest, in this case it was a 70 kg adult. This resulted in an exposure dose of 0.0004 mg/kg day.
𝑚𝑔
𝑚𝑔
𝑘𝑔
9.19 [ ] × 3080 [
] × 1 × 1 × 10−6 [ ]
𝑚𝑔
𝑚𝑔
𝑘𝑔
𝑑𝑎𝑦
𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑑𝑜𝑠𝑒 =
= 0.0004 [
]
70 [𝑘𝑔]
𝑘𝑔 𝑑𝑎𝑦
To calculate the targeted hazard quotient (THQ) the exposure dose of 0.0004 mg/kg day
was divided by the reference dose for Zn which is 0.3 mg/kg day as seen below. This gives us a
value of 0.00135.
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𝑚𝑔
]
𝑘𝑔 𝑑𝑎𝑦
= 0.00135
𝑚𝑔
0.3 [
]
𝑘𝑔 𝑑𝑎𝑦

0.0004 [
𝑇𝐻𝑄 =

The hazard index (HI) is the summation of all the THQs for each body weight and each
location. As was previously stated, the concentrations obtained by the heavy metal analysis may
have been lower than expected therefore, an assessment was made with 30% higher heavy metal
concentrations as seen in Table 4.5. HI values slightly changed with this increase, but values are
still below 1. As mentioned before, this indicates there is still a low health risk from the
consumption of Eucheuma isiforme.
Table 4. 4 Estimated exposure dose of heavy metals from seaweed assuming an ingestion rate of
3080 mg of dried seaweed/day.
Metals Sample

Cr

Cu

Se

Zn

As

Cd

Hg

RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw

RfD
Exposure dose
(mg/kg/day) (mg/kg/day)
70 kg adult
0.003
0.0000404
0.00006996
0.0000546
0.04
0.0000315
0.0000427
0.0000297
0.005
0.00002803
0.0000160
0.0000163
0.3
0.000404
0.000452
0.000185
0.0003
0.00000820
0.00000725
0.00000707
0.0005
0.0000138
0.0000154
0.00001698
0.0003
0.000000176
0.000000044
0

THQ
10 kg child
0.000283
0.000490
0.000382
0.000221
0.000299
0.000208
0.000196
0.000112
0.000114
0.00283
0.00317
0.00130
0.0000573
0.0000508
0.0000495
0.0000967
0.000108
0.000119
0.000001232
0.000000308
0

70 kg adult
0.0135
0.0233
0.0182
0.000788
0.00107
0.000743
0.00561
0.00319
0.00327
0.00135
0.00151
0.000618
0.0273
0.0242
0.0236
0.0276
0.0308
0.0340
0.000587
0.000147
0

10 kg child
0.0942
0.163
0.127
0.00551
0.00747
0.00520
0.0392
0.0224
0.0229
0.00943
0.0106
0.00432
0.191
0.169
0.165
0.193
0.216
0.238
0.00411
0.001027
0
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Table 4. 4 Continued.
Metals

Pb

Ni

Sample

RfD
(mg/kg/day)

70 kg adult

10 kg child

Exposure
dose
(mg/kg/day)
70 kg adult

RWH_VAP

0.004

0.0000144

RWH_Raw

0.00000581

EVAP_Raw

0.00000365

RWH_VAP

HI70kg_RWH_
VAP
HI70kg_RWH_
Raw
HI70kg_EVAP
_Raw

0.02

0.0000235

RWH_Raw

0.0000379

EVAP_Raw

0.0000341

0.0815

HI10kg_R
WH_VAP
HI10kg_R
WH_Raw
HI10kg_EV
AP_Raw

0.0876
0.0830

THQ

10 kg
child
0.0001
0072
0.0000
407
0.0000
256
0.0001
65
0.0002
65
0.0002
39

70 kg
adult
0.00360

10 kg
child
0.0252

0.00145

0.0102

0.000913

0.00639

0.00118

0.00824

0.00189

0.0133

0.00171

0.0120

0.571
0.613
0.581

Table 4. 5 Estimated exposure dose of heavy metals from seaweed assuming heavy metal
concentrations are 30% higher.
Metals

Cr

Cu

Se

Sample

RfD
Exposure dose
(mg/kg/day) (mg/kg/day)
70 kg adult

RWH_VAP 0.003
RWH_Raw
EVAP_Raw
RWH_VAP 0.04
RWH_Raw
EVAP_Raw
RWH_VAP 0.005
RWH_Raw
EVAP_Raw

0.0000525
0.0000909
0.0000709
0.0000315
0.0000555
0.0000386
0.0000281
0.0000208
0.0000212

THQ
10 kg
child
0.00037
0.00064
0.00050
0.00022
0.00039
0.00027
0.00020
0.00015
0.00015

70 kg
adult
0.0175
0.0303
0.0236
0.0008
0.0014
0.0010
0.0056
0.0042
0.0042

10 kg child
0.123
0.212
0.165
0.006
0.010
0.007
0.039
0.029
0.030
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Table 4. 5 Continued.
Metals

Sample

RfD
Exposure dose
(mg/kg/day) (mg/kg/day)
70 kg adult

THQ
10 kg
child
0.00283
0.00412
0.00169

70 kg
adult
0.0013
0.0020
0.0008

10 kg child

RWH_VAP 0.0003
0.0000082
0.00006
RWH_Raw
0.0000094
0.00007
EVAP_Raw
0.0000092
0.00006
Cd
RWH_VAP 0.0005
0.0000138
0.00010
RWH_Raw
0.0000200
0.00014
EVAP_Raw
0.0000221
0.00015
Hg
RWH_VAP 0.0003
0.0000002
0.00000
RWH_Raw
0.0000001
0.00000
EVAP_Raw
0.0000000
0.00000
Pb
RWH_VAP 0.004
0.0000144
0.00010
RWH_Raw
0.0000076
0.00005
EVAP_Raw
0.0000047
0.00003
Ni
RWH_VAP 0.02
0.0000236
0.00016
RWH_Raw
0.0000492
0.00034
EVAP_Raw
0.0000444
0.00031
HI70kg_RWH_VAP 0.086
HI10kg_RWH_VAP 0.599
HI70kg_RWH_Raw 0.114
HI10kg_RWH_Raw 0.797
HI70kg_EVAP_Raw 0.108
HI10kg_EVAP_Raw 0.755

0.0273
0.0314
0.0306
0.0277
0.0400
0.0442
0.0006
0.0002
0.0000
0.0036
0.0019
0.0012
0.0012
0.0025
0.0022

0.191
0.220
0.214
0.194
0.280
0.309
0.004
0.001
0.000
0.025
0.013
0.008
0.008
0.017
0.016

Zn

RWH_VAP 0.3
RWH_Raw
EVAP_Raw

As

0.0004046
0.0005880
0.0002408

0.009
0.014
0.006

The ingestion rate was then varied to 5000 mg/day with 30% higher heavy metal
concentrations to illustrate impacts from consuming a higher dose of seaweed. The following
table was found.
The HI values for a 70 kg adult were still below 1 which indicate minimal health risk.
However, for a 10 kg child it was found that the HI values were over 1 indicating that there is a
potential health risk from heavy metals by consuming Euchuema isiforme. All metals were
included in these calculations despite challenges with NIST reference standards for Hg, Pb, and
Se.
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Table 4. 6 Estimated exposure dose of heavy metals from seaweed assuming heavy metal
concentrations are 30% higher and ingestion rate of 5000 mg/day.
Metals

Cr

Cu

Se

Zn

As

Sample

RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw
RWH_VAP
RWH_Raw
EVAP_Raw

RfD
Exposure
(mg/kg/day) dose
(mg/kg/day)
70 kg adult
0.003

0.04

0.005

0.3

RWH_VAP 0.0003
RWH_Raw
EVAP_Raw
Cd
RWH_VAP 0.0005
RWH_Raw
EVAP_Raw
Hg
RWH_VAP 0.0003
RWH_Raw
EVAP_Raw
Pb
RWH_VAP 0.004
RWH_Raw
EVAP_Raw
Ni
RWH_VAP 0.02
RWH_Raw
EVAP_Raw
HI70kg_RWH_VAP 0.139
HI70kg_RWH_Raw 0.185
HI70kg_EVAP_Raw 0.175

0.0000852
0.0001476
0.0001151
0.0000512
0.0000901
0.0000627
0.0000455
0.0000337
0.0000345
0.0006568
0.0009546
0.0003909

THQ

10 kg
child
0.00060
0.00103
0.00081
0.00036
0.00063
0.00044
0.00032
0.00024
0.00024
0.00460
0.00668
0.00274

70 kg
adult
0.0284
0.0492
0.0384
0.0013
0.0023
0.0016
0.0091
0.0067
0.0069
0.0022
0.0032
0.0013

0.0000133
0.00009 0.0444
0.0000153
0.00011 0.0510
0.0000149
0.00010 0.0497
0.0000225
0.00016 0.0449
0.0000325
0.00023 0.0650
0.0000358
0.00025 0.0717
0.0000003
0.00000 0.0010
0.0000001
0.00000 0.0003
0.0000000
0.00000 0.0000
0.0000234
0.00016 0.0058
0.0000123
0.00009 0.0031
0.0000077
0.00005 0.0019
0.0000383
0.00027 0.0019
0.0000800
0.00056 0.0040
0.0000721
0.00050 0.0036
HI10kg_RWH_VAP 0.970
HI10kg_RWH_Raw
1.293
HI10kg_EVAP_Raw 1.225

10 kg child
0.199
0.345
0.269
0.009
0.016
0.011
0.064
0.047
0.048
0.015
0.022
0.009
0.311
0.357
0.348
0.314
0.455
0.502
0.004
0.002
0.000
0.041
0.021
0.013
0.013
0.028
0.025
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4.2.3 Intersections with Environmental Engineering
Intersections from research question 2 include analyzing the water quality of the
rainwater harvesting system and surrounding marine environment for heavy metals. The
comparisons between heavy metals in the water and heavy metal accumulation in Eucheuma
isiforme can help further understand uptake physiology by the species. While it was found that
seaweed overall possessed a low health risk, analyzing heavy metal content in the collected
rainwater would give an indication if there are any health risks from consuming that water for
onsite freshwater purposes. Furthermore, if there are concerns from heavy metals in water in
Placencia, Eucheuma isiforme could potentially be manipulated in a way to address those
concerns. Expanding the health risk assessment to microbial contamination and its appropriate
quantitative microbial risk assessment is also another avenue that can be explored through
environmental engineering and is a need posed by the community.
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Chapter 5: Conclusions and Recommendations
5.1 Summary of Findings
The overall goal of this research was to understand the existing food energy water
systems for seaweed production in Placencia, Belize and identify environmental engineering
intersections for future research.
The research questions to guide this work and their respective findings are as follows.
Research question 1 was: How are food, energy, and water interconnected in the seaweed
production process in Placencia, Belize?. This question was satisfied through Tasks 1a and 1b.
Task 1a found that approximately 192 gallons of freshwater is needed to rinse 75 lbs of dried
seaweed. Currently, freshwater is stored in 55 gallon HDPE containers and rainwater harvesting
is the infrastructure that is used to collect freshwater during the rainy season at Little Water
Caye. It also found that awareness of seaweed’s nutritional benefits is growing throughout Belize
with it being used as a substitute for pectin and gelatin contributing to local food supply as well
as stimulating the local economy. Task 1b elucidated the connection between water and energy
in this system. Here, it was found that as freshwater demand increases, fuel demand increases
and is linked by the transportation rate. Moreover, as the demand of seaweed increases through
its promotion of being a nutritional source and use in a wide array of products, demands for
energy and water increase as well. Leverage points and hence, intersections with environmental
engineering, for this research question were as follows: addressing freshwater provisioning
through rainwater harvesting system characterization, assessing biofuel potential from Eucheuma
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isiforme used to manage nitrogen from onsite wastewater systems, and designing a “seaweed
hub”.
Research question 2 asked: Does the ingestion of Eucheuma isiforme sold in Placencia,
Belize pose a health risk threat from exposure to heavy metals? Task 2a found that heavy metal
concentrations were typically low for Eucheuma isiforme compared to other studies on the genus
Eucheuma except for zinc and copper. Zinc levels were highest for all three samples tested. The
values for these were EVAP_Raw: 4.21± 0.032 μg/g, RWH_Raw: 10.28 ± 2.36 μg/g, and
RWH_VAP: 9.19 ± 0.030 μg/g. The average of these values for zinc were higher than the other
study by Robledo and Pelegrin (1997) on Eucheuma isiforme and the study on Eucheuma
cottonii by Chang and Teo (2016), but lower for the other studies on Eucheuma. Average values
for copper were slightly higher than the samples analyzed by Matanjun et al. (2009) and Diharmi
et al. (2019). Among the analyzed samples, differences in zinc levels were seen between the raw
dried seaweed sample that was rinsed by evaporation and the samples rinsed in rainwater. This
same behavior was also seen with copper where the concentration of the sample rinsed by
evaporation was lower at 0.675 ± 0.031 μg/g while copper concentrations in the rainwater rinsed
seaweed were 0.970 ± 0.037 and 0.716 ± 0.005 μg/g, respectively. These differences could be an
indication of zinc and copper leaching from the roof system. Task 2b used the average values
from the heavy metal analysis to conduct a health risk assessment. It was found that at an
ingestion rate of 3080 mg/day (assumed weight of seaweed in gelatinous form) the HI for a 70
kg adult and a 10 kg child is less than 1 indicating that there is a low health risk. At 30% higher
concentrations of heavy metals, it was found that the HI value for a 70 kg adult and a 10 kg child
slightly increased but was still less than 1. This indicates that are 30% higher concentrations of
heavy metals, there is still a low health risk from consuming Euchuema isiforme. At 30% higher
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heavy metal concentrations and ingestion rate of 5000 mg/day, it was found that the HI value for
a 70 kg adult was still under 1 indicating there is a low health risk from consumption of
Eucheuma isiforme. However, HI values were found to be greater than 1 for a 10 kg child
indicating there is a heavy metal health risk from consuming Eucheuma isiforme for a 10 kg
child. Intersections with environmental engineering for research question 2 include analyzing the
water quality in terms of heavy metals for collected rainwater and the surrounding marine
environment and characterizing Eucheuma isiforme’s properties for applications in other sectors.
5.2 Limitations
Various limitations exist in the scope of this work. More samples of Eucheuma isiforme
should be analyzed in order to be statistically significant. Comparing these results with water
quality samples both from the rainwater harvesting system, and the surrounding seawater would
help locate sources of potential contamination. In addition to this, a seaweed reference standard
may help to reduce the discrepancies seen in the validation data collected for the heavy metal
analysis. For the health risk assessment, an exposure assessment on Eucheuma isiforme
consumption rates is also needed to accurately depict ingestion rates by the community of
Placencia, Belize.
5.3 Future Research
Future research can address the intersections of environmental engineering and seaweed
farming as presented in this study to aid in the sustainability of the seaweed farming endeavor in
Belize. This also includes quantifying variables in the generated CLD and introducing various
scales to create a systems model that would assess the sustainability of seaweed farming in
Belize. A comparative analysis between water quality, heavy metal content and heavy metals in
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Eucheuma isiforme would also be beneficial to assess sources of contamination and serve as a
follow up to this research.
In addition to this, following up on conversations with interviewees, TNC, and the private
seaweed production enterprise, a quantitative microbial risk assessment would be another area of
future research. As mentioned before, onsite wastewater systems at the cayes where these
seaweed farms are located may need some improvements therefore, an analysis on how these
systems may impact seaweed quality is needed. The seaweed farming venture in Belize is
relatively young and there are many areas for potential collaboration. This research looked to
highlight several synergies with environmental engineering that can aid in the sustainability of
the industry and associated community.
Due to COVID-19 a sampling trip to Belize was not done in May 2019 to collect more
seaweed and water samples from the rainwater harvesting systems and marine environment at
Little Water Caye. While a desired output from this research to be shared with interested
stakeholders is an information graphic on sold Eucheuma isiforme’s heavy metal content, this
will be completed once there is more confidence in the analytical method, and with more
samples collected and analyzed. Once travel to Placencia resumes a workshop with the
stakeholders will also be held to share the CLD produced from this work, and explore areas of
research to optimize the sustainability of seaweed production.
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Figure A.1 continued.
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Appendix B: Interview Questions
Interview Questions for Seaweed Farmer
1. Can you introduce yourself?
2. How did you get involved with seaweed farming?
3. Have you seen a transfer of knowledge [on seaweed farming] between other places?
4. Is there an educational component that is shared with people?
5. How does hurricane season affect seaweed farming?
6. How have fuel costs affected your net gain?
7. How frequently do you go [visit the farms]?
8. Do you think there’s a way to reduce the fuel costs to get there?
9. Are fishermen open to alternative sources of fuel?
10. How do you obtain the freshwater for rinsing?
11. How many containers can you take on the boat?
12. How much seaweed would that wash?
13. Do you do anything with the saltwater that comes out?
14. What does seaweed mean to you?
15. How much dried seaweed would be produced by one 55 gallon drum?
16. Do you leave the seaweed in the drum over night?
17. How many days does the seaweed dry for?
18. Would you be interested in something like a solar dryer?

101

19. Is there concern from human impacts let’s say from wastewater or anything like that
coming through the toilet?
20. What is the purpose for the plastic bottles?
21. Have you seen any issues with seaweed farming so far?
22. How do you compensate for the changes in season?
23. Do you have any space limitations in terms of how far off [shore] you can go?
24. How do you think people in Placencia perceive or appreciate the seaweed?
25. How long does the seaweed last once its dried?
26. Has seaweed been a part of the local food culture for longer or is it a new thing?
27. What did they use to make out of it?
28. Do they still eat it?
29. Are people buying to serve in restaurants or most people buying at home just to use?
30. Could you speak more about the co-op and how it works?
31. Are there any models for local and export markets for seaweed?
32. Would that include international market or to keep it more in Belize?
33. Do they have any ideas on how to make it more international?
34. Are you particularly interested in value-add processes?
35. What are some of the value-added products being made already?
36. Do you know how much seaweed goes into making those?
37. What is something you would like to see made out of it?
38. What do you think seaweed farming is going to be like 10 years from now?
39. Do you think children would be interested in learning about seaweed farming?
40. Can you talk about the biodiversity within the seaweed and the potential?

102

41. What kind is the best rope to use?
Interview Questions for Seaweed Value-Add Producers:
1. Can you introduce yourself?
2. Where did your motivation come from to make seaweed powder
3. What does the process look like to make your product?
4. Do you run into any challenges relating to energy when making your product?
5. Do you run into any challenges relating to water when making your product?
6. What challenges do you run into overall with making your product?
7. How much seaweed goes into making your product?
8. How long does it take to make your product?
9. Have you seen interest in your product? Have you seen interest besides Placencia?
10. What do people use your product for?
11. What else do you envision for your product
12. How long does your product last?
13. What do you think of the current infrastructure for seaweed farming and marketing that is
available in Placencia?
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Appendix C: Raw Data
Table C. 1 Trace elements raw data.

Sample Id

Cr 52
Helium KED
(μg /L)
-0.006
80.629
1.832
3.081
13.203
-0.001
8.490
9.863
16.595
9.632
9.526
18.099
8.000
15.314
18.196
15.641
0.012
15.926
2.802
1.852
81.667
-0.010
0.822
3.923
19.119
39.891

Fe 57
Helium KED
(μg/L)
-0.221
78.612
20.134
1233.464
2116.515
-0.180
180.599
280.004
677.074
387.012
247.276
268.892
206.681
756.420
742.277
725.564
-0.471
2503.511
1234.637
19.264
79.639
-0.361
1.165
3.754
18.427
39.474

Ni 60
Helium KED
(μg/L)
0.010
80.004
1.124
7.175
14.770
0.005
4.113
6.580
9.142
5.843
6.130
11.305
5.215
8.366
10.080
8.332
0.017
17.782
6.953
1.111
79.204
0.012
0.790
3.990
18.958
39.825

Cu 63
Helium KED
(μg/L)
-0.001
79.942
0.299
42.238
90.575
-0.005
7.194
7.118
9.290
6.411
7.033
6.800
5.874
9.814
10.201
10.002
0.022
108.199
42.001
0.272
78.004
0.025
0.673
3.863
18.897
39.803

Blank
80 ppb QC
Proced Blank
NIST 1515
NIST 1570a
Blank
S-B
S-C
J-B
T-A
T-B
T-C
T-B
J-A
J-B
J-C
Blank
NIST 1570a
NIST 1515
Proced Blank
80 ppb QC
Blank
0.8 ppb Standard
4 ppb Standard
20 ppb Standard
40 ppb Standard
120 ppb
120.039
120.181
120.059
120.071
Standard
Samples were analyzed on the ICP-MS. Samples S-B and S-C are samples RWH_VAP. T-A, TB, and T-C are samples EVAP_RAW. J-A, J-B, and J-C are samples RWH_RAW.
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Table C. 1 Continued.

Sample Id

Zn 66
Helium
KED
(μg/L)

As 75
Helium
KED
(μg/L)

Se 82
Helium
KED
(μg/L)

Cd 111
Helium
KED
(μg/L)

Hg 202
Helium
KED
(μg/L)

Tl 205
Helium
KED
(μg/L)

Pb 208
Helium
KED
(μg/L)

Blank

0.170

0.029

-0.268

0.008

0.558

6.123

0.006

80 ppb QC

79.973

82.776

77.103

80.566

86.694

86.079

81.353

Proced
Blank

5.989

0.056

-0.149

0.009

0.428

108.713

0.386

NIST 1515

89.133

6.568

106.696

0.077

0.302

7583.559 1.873

NIST 1570a 564.878

0.834

4.490

21.749

0.122

15307.144 1.165

Blank

0.405

0.016

0.121

-0.001

-0.020

8.609

S-B

92.069

44.834

7.554

3.165

0.044

2079.009 2.931

S-C

91.648

44.877

5.179

3.106

0.028

2312.965 3.606

J-B

85.367

38.803

3.570

3.582

0.020

2491.968 1.100

T-A

41.792

39.084

4.382

3.904

0.050

1832.261 0.877

T-B

42.034

37.938

3.705

3.777

-0.030

1671.222 0.819

T-C

42.434

39.226

3.048

3.900

-0.033

1848.594 0.802

T-B

35.200

37.290

4.376

2.784

-0.047

1271.645 0.604

J-A

129.655

41.721

4.074

3.487

0.009

2355.389 1.174

J-B

94.156

38.445

3.897

3.513

-0.008

2538.767 1.089

J-C

93.481

38.477

3.259

3.425

0.002

2487.271 1.696

Blank

0.834

0.018

0.378

-0.002

-0.063

-4.231

NIST 1570a 669.614

0.940

3.972

28.345

0.094

19321.681 1.463

NIST 1515

87.608

5.546

88.388

0.106

0.158

9920.665 2.308

Proced
Blank

5.887

0.047

-0.033

0.009

-0.073

80.137

0.335

80 ppb QC

83.022

80.489

82.106

82.316

83.516

69.668

86.829

Blank

1.181

0.015

0.130

0.001

0.245

-4.665

-0.007

-0.005

-0.006
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Table C. 1 Continued.

Sample
Id
0.8 ppb
Standard
4 ppb
Standard
20 ppb
Standard
40 ppb
Standard
120 ppb
Standard

Zn 66
Helium
KED
(μg/L)

As 75
Se 82
Helium Helium
KED
KED
(μg/L) (μg/L)

Cd 111
Helium
KED
(μg/L)

Hg 202
Helium
KED
(μg/L)

Tl 205
Helium
KED
(μg/L)

Pb 208
Helium
KED
(μg/L)

1.239

0.843

0.680

0.820

0.379

-2.965

0.847

4.369

4.082

4.235

4.042

3.337

-1.500

4.222

19.484

20.677

19.095

19.641

18.758

6.513

20.949

40.774

40.515

38.577

40.352

38.353

52.571

41.688

119.813

119.825 120.144

119.941

120.781

122.456

119.834
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and as a food thickener.
• However, there are tradeoffs from fresh
costs, value added products, and potenti
production
process.
Appendix
D: Figures and Graphs

Figure D. 1 Fresh seaweed nutritional facts.

Figure 1. Nutritional information of
seaweed in Placencia, Belize.

Figure

Objectives
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Figure D. 2 Dried seaweed nutritional facts.
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Appendix E: Copyright Permissions
Below is the permission for the use of Figures 2.1 and 2.2 in Chapter 2.
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